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Outline of the thesis

Chapter One presents a general introduction and overview of literature in the field thermal
biology of coffee insect pests and modelling approaches. Chapter two presents the
thermal thresholds for immature stages development and survival of coffee berry borer,
Hypothenemus hampei (Ferrari). It developed an original observation method that
allowed the direct observation of H. hampei immature stages from egg to adult for the
first time and precisely studied its life history at different constant temperatures. It also
provided basic data on the pest life history as impacted by temperature and determined
the thermal thresholds for the H. hampei development and survival. Chapter three looks
at the detailed life history traits of African coffee white stem borer, Monochamus
leuconotus (Pascoe) reared at different constant temperatures on an artificial diet and
provided data on the biology and thermal thresholds of this pest using life cycle
modelling. The fitted linear and nonlinear models for the development and survival of
immature, as well as fecundity and adult senescence for M. leuconotus were compiled
and used to simulate the population growth parameters that determine M. leuconotus’s
population growth rate, using stochastic simulations. Chapter four assessed the the
seasonal variations and distribution of antestia bug species, Antestiopsis thunbergii and
A. facetodies in coffee plantation over elevation gradients. This chapter analysed and
identified factors that affect the distribution and seasonal variations of both species in
coffee plantations. Chapter five elucidates the relationship between A. thunbergii
populations and elevation using the knowledge of the pest’s thermal biology and

predicted its future distribution in a changing climate (raising temperatures). General



conclusions looked at the findings from all chapters and proposed recommendations and

highlighted areas for future research.
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Thesis summary
Arabica coffee Coffea arabica L. is an important cash crop supporting millions of
households in East Africa. However, the crop faces challenges of infestation by some
insect pests that lead to substantial economic loss and lower quality of beans. The Antestia
bugs, Antestiopsis spp. (Hemiptera: Pentatomidae), the coffee berry borer, Hypothenemus
hampei (Ferrari) (Coleoptera: Curculionidae: Scolytinae) and the African coffee white
stem borer, Monochamus leuconotus (Pascoe) (Coleoptera: Cerambycidae) are major
insect pests threatening coffee production in Africa. Nevertheless, the developed control
measures against these pests are not effective to control their damages in coffee
plantations. This is a consequence of the insufficient knowledge of their biology, ecology
and distribution as influenced by environmental factors. Therefore, the objectives of this
study were to: i) provide the thermal requirements for the development of immature
stages of H. hampei and M. leuconotus by modelling their life history traits as influenced
by temperature, ii) describe the seasonal variation of Antestiopsis thunbergii and A.
facetoides populations and identify the factors that affect their populations over time and
space, and iii) predict future distribution of A. thunbergii as influenced by temperature
rising over elevation gradients using field observations and temperature-dependent
development models. Life history traits of both H. hampei and M. leuconotus were
studied at seven constant temperatures in the range 15-35°C. Linear and nonlinear models
were fitted to the development and survival data for both pests in order to calculate their
thermal thresholds. In addition, nonlinear models were fitted to M. leuconotus fecundity
and adult senescence, compiled and used to simulate the population growth. The seasonal

variation of both A. thunbergii and A. facetoides was assessed for two years on coffee



farms located on the Aberdare range, in Kenya. Future distribution for A. thunbergii up
to the year 2055 was predicted over elevation gradients in the range 1000-1700 m asl, on
Mt. Kilimanjaro, Tanzania using the life history traits of the pest and climatic data.
Thermal thresholds (T, and T,,4,) for H. hampei immature stages development ranged
between 10.5 and 35.2°C, with development time ranges of 4.6-16.9, 11.6-39.5 and 3.0-
13.6 days for the egg, larva and pupa, respectively. On the other hand, the thermal window
for M. leuconotus immature development was estimated between 10.0 and 40.0°C, with
an optimum temperature for survival in the range 23.0-23.9°C. The highest fecundity for
M. leuconotus was 97.8 eggs per female at 23°C. Simulated life table parameters showed
the highest net reproductive rate R, of 11.8 per female at 26°C. The intrinsic rate of
increase rm was higher between 26 and 28°C, with a value of 0.008. The seasonal variation
of A. thunbergii and A. facetoides showed that both species had a similar trend with the
highest infestation being reported between the months of June and August. The
availability of food (green berries) was that most crucial factor that determined these
seasonal variations. Future prediction of A. thunbergii showed that the distribution of the
risks of infestation by this pest will be higher at the highest elevations (1500-1800 m asl)
and A. thunbergii will follow the shift of the coffee production areas to the highest
elevations. These findings will help to better understand coffee pests’ distribution and
dynamics in coffee plantations and inform decision makers on the risks of these pests
under changing climate. This will contribute to a more efficient and sustainable

management strategy for coffee insect pests in Africa.

viii



Dedication

With love to my mother, father, brothers and sisters for their love, support and encouragement.

Above all I extend my sincere gratitude to the Almighty Allah for making this journey possible.



Acknowledgements

| would like to express my deep gratitude to my supervisors, Dr. Abdullahi Yusuf and
Professor Christian Pirk of the University of Pretoria and Dr. Régis Babin of icipe, for
their constant expert guidance, enthusiastic encouragement, support and useful critiques
through all the stages of this research work. | have learned a lot by being a student under
their supervision, grown immensely as a scientist, and will be forever grateful for the
advice and mentoring that they provided. Special thanks to Dr. Régis Babin who accepted
me to work on his projects, | am extremely lucky to have this chance and learned a lot
from him. I also highly acknowledge Dr. Saliou Niassy and Dr. Fabrice Pinard for the
intellectual support in this work. More specifically, | am grateful to the members of the
coffee laboratory at icipe, Dickson Mwenda, Ephantus Guandaru and Kelvin Mbugua,
and the driver Charles Kanyi for their support during the data collection. I am also grateful
to the coffee farmers of the Kilimanjaro region, Tanzania and Murang’a, Kenya for

allowing me access to their farm for surveys.

My sincere appreciation goes to the Centre de Coopération Internationale en Recherche
Agronomique pour le Développement (CIRAD), who financed this study and German
Academic Exchange Service (DAAD), who gave me the scholarship under the African
Reginal Postgraduate Programme in Insect Science (ARPPIS), and the International
Centre of Insect Physiology and Ecology (icipe) for hosting me to pursue this study.
Special mention of the University of Pretoria for registering me to carry out this research
work, | am very grateful. | wish to express my great appreciation to the University of

Gezira (Sudan) for granting me study leave to pursue this study. Finally, | wish to thank



my family members, friends and colleagues at icipe for their support and encouragement

throughout my study.

Xi



Table of contents

DECIATALION ...ttt ettt st e ettt nenaen i
Publications and thesis OULIINE ...........coiriiiiiree s iii
OULIINE OF The TNESIS ...ttt iv
THESIS SUMIMIAIY ...ttt ettt ettt ettt et e s te et e steera et e steessesbeesaessesraentesteessensesseensenns vii
DEAICALION ...ttt ettt b et n e i
ACKNOWIEAGEMENTS ...ttt st be e X
LIST OF FIQUIES ..ottt ettt ae bt e Xiv
LIST OF TADIES.....eeeeeeeeee ettt Xix
LiSt OF ADDIEVIAtIONS.......ccvciiieiicc e XXii
CHAPTER ONE ... oottt sttt ettt sbe e sbe e sae e s be e beesbeenbeesbeenene s 1
GenEral INErOQUCTION .......cviiiiiiiic bbb 1
Rationale Of The STUAY ......oceiiieieeeeeeee ettt et eanas 10
RETEIEICES ...ttt 12
CHAPTER TWO ... oottt st bbbt nb b sbe e be e nbe e e 21

Identifying temperature thresholds using life cycle modelling and their implications for
developmental times and survival of the coffee berry borer Hypothenemus hampei Ferrari

(Coleoptera: Curculionidae: SCOIYEINGR) ........ccuiiiiiiiiiieeiei s 21
ADSTFACT ...ttt bbb 21
INEFOTUCTION ...t 22
Materials and METNOUS ............ccuviiiiiii e 24
RESUILS ..ttt ettt et et e e s e s e e be st e s b e te s e e et eneeneebestesaentens 30
DIISCUSSION ...ttt ettt ettt ettt et e st st s besbe st e s et et e e e neeseesesbestesbeseneeneeneeneesensessessensans 42
RETEIENCES ..ottt et ettt e be st e s b et et e e et ene e st ebessesneneens 49

CHAPTER THREE ..ottt 56

Modelling the impact of temperature on the demographic parameters of the African coffee

white stem borer, Monochamus leuconotus (Pascoe) (Coleoptera: Cerambycidae)............ 56
F AN 0] L Uod TSR 56
8 oo 11 o1 1 o] o TP URRN 57
Materials and METNOUS. ........ocui ittt 59
RESUITS ..ottt sttt ettt b e bt st s b et et et st e b besbenbenten 68

xii



DDISCUSSION ...ttt tetteee ettt et e e e et e e s eeaaeeeseeaeeeesaasateessaseteesaasseeeseasaeeesaansteessaseeessaseeessaseeessanes 82

RETEIEICES ...ttt 90
CHAPTER FOUR ...ttt ettt bbb bbbttt sbe et 94
Factors affecting the distribution and seasonal variation of two stink bugs on Arabica
coffee, Antestiopsis thunbergii and Antestiopsis facetoides .........ccccoeveveviveiiie v 95

ADSTFACT ...ttt 95

INEFOTUCTION ...ttt 96

Materials and MEtNOGS...........oociiiiii e 98

RESUILS ..ttt b e bttt ettt be b bt e n e 102

DISCUSSION ...ttt ettt sttt ettt b e bbb st ettt et ae e bt e b e e bt st b et et et ene e bt ebeebeneenbe e 113

RETEIEINCES ...ttt bt bttt et et e bbbt e b nee 118
CHAPTER FIVE ... ottt bbb bbbt sbee s 123

Prediction of insect pest distribution as influenced by elevation: Combining field
observations and temperature-dependent development models for the coffee stink bug,

Antestiopsis thunbergii (GMEIIN).........ccooi i e e 123
ADSEFACT ...ttt sttt neeae et st ean 123
INEFOAUCTION ...t sttt sttt na et esessesbeneens 124
Materials and METNOUS.........ccvvieiiieeeeeee ettt reeneens 126
RESUITS ..ttt b s bt b e sttt et e be bt b e b 135
DIISCUSSION ...ttt sttt ettt b s bbb sttt e e st e st eb s b s bt e b et et et eseeneebeebeseenbe e 143
ey =] =] (001 ST 153

(08 o N e I Y ] 1 TR 160
GENEIral CONCIUSIONS.......ooiiiiieiirtiieteeee ettt sttt sbe e 160
RETEIEINCES ...ttt b ettt ettt bbb e b e 167

Xiii



List of Figures

CHAPTER ONE

Figure 1.1 The three most important Antestiopsis spp. in Eastern Africa (A): Antestiopsis

thunbergii, (B): Antestiopsis intricata, and C: Antestiopsis facetoides.................... 4

Figure 1.2 Infestation signs of the coffee white stem borer Monochamus leuconotus on a
coffee stem with A, ring barking stage (frass); B, wood boring phase (entry hole of the
larva into the coffee stem); C, larva feeding inside the coffee stem; and D, adult exit hole

oM the COTTEE S OM . . oo e e, 7

CHAPTER TWO

Figure 2.1 Cumulative distribution of developmental times for Hypothenemus hampei
egg, larva, pupa, and egg to adult. Curves are fitted models: complementary log-log
(CLL) model for egg stage and complete development from egg to adult, and probit model
for the larva and pupa stages. Bars indicate 95% confidence intervals for median

development times estimated fromthe models..................oooiiiiiii i 32

Figure 2.2 Temperature-dependent developmental rate for Hypothenemus hampei egg,
larva, pupa, and egg to adult. Observed values are the black points, with bars representing
standard deviation of the mean. Fitted models are the dashed straight lines for linear
regression and solid lines for the Logan model (egg & pupa) and Sharpe and DeMichele
model (larva & egg to adult). Dashed lines above and below represent the upper and lower

CONTIOBNCE DANGS. . oo i 36

Xiv



Figure 2.3 Temperature-dependent mortality rate for immature stages of Hypothenemus
hampei fitted to Wang 2 function for egg, larva and pupa, and to second order polynomial
function for the complete development cycle from egg to adult. Points are observed values
and the solid curves are the selected model output. Dashed lines above and below

represent the upper and lower 95% confidence bands of the models...................... 40

CHAPTER THREE

Figure 3.1 Model fitting to the relationship between development rate of Monochamus
leuconotus immature stages and temperature, with: A) egg; B) larva and C) pupa. Blue
dots are the observed values with bars representing the standard deviation. Fitted models
are the dashed straight lines for linear model and solid lines for the Logan model (egg)
and Sharpe and DeMichele 3 and 2 models (larva and Pupa). Dashed lines in blue above

and below represent the upper and lower 95% confidence interval......................... 72

Figure 3.2 Model fitting to the relationship between the mortality rate of Monochamus
leuconotus immature stages and temperature, with: A) egg; B) larva and C) pupa. The
blue dots are the observed values. While solid red lines are the fitted models, Wang 1
model for egg and pupa, and exponential polynomial function 4 for larva. Dashed lines

in blue above and below represent the upper and lower 95% confidence interval......... 75

Figure 3.3 Model fitting to the relationship between fecundity of Monochamus
leuconotus females and temperature, and adult senescence with temperature with: A)
cumulative oviposition fitted to exponential modified 1 model; B) average fecundity of
the females fitted to exponential polynomial function 12; C) female senescence rates

fitted to Stinner 4 model and D) male senescence rates fitted to Hilbert and Logan 3

Xv



model. Blue dots are the observed values with bars representing the standard deviation.
While solid red lines are the fitted models with dashed lines in blue above and below

representing the upper and lower 95% confidence interval................................ 78

CHAPTER FOUR
Figure 4.1 Shade classification on the coffee plantations showing A: full sun, B: low

shade, C: moderate shade and D: highshade.................coooiiiiiiiiii 100

Figure 4.2 A: monthly climatic data (average temperature and relative humidity) and B:
coffee berry maturation stage (mean number of developing, mature and ripe berries per
node), recorded in coffee farms located on elevation ranged between 1300 and 1900 m

asl, on the Aberdare range in Murang’a county, Kenya....................coooiiiinnnn. 104

Figure 4.3 Seasonal variation (mean number of antestia bugs per month monitored for
two years) of A: Antestiopsis thunbergii and B: Antestiopsis facetoides over different
elevation zones (low:1300-1450 m asl; mid: 1500- 1700 m asl; and high: 1750-1900 m
asl), and C: the total number of the bugs for all elevations (1300-1900 m asl), on the

Aberdare range in Murang’a county, Kenya................ooooiiiiiiiiiii 106

Figure 4.4 Hierarchical partitioning analyses showing the independent effects
(percentage of the explained variance) for the environmental variables (monthly average
temperature and humidity) and coffee berry maturation stage (monthly mean number of
developing, mature and ripe berries per node) on of the number of antestia bugs per

month, with, A: Antestiopsis thunbergii and B: Antestiopsis facetoides...................109

XVi



Figurer 4.5 Number of antestia bugs (mean number/farm/ year, for the population
monitored for two years), A: Antestiopsis thunbergii, and B: Antestiopsis facetoides for
the different elevation zones (Low: 1300-1450 m asl, mid: 1500- 1700 m asl, and high:

1750-1900 m asl) located on the Aberdare range in Murang’a county, Kenya........... 111

Figurer 4.6 Number of antestia bugs (mean number/farm/year, for the population
monitored for two years), A: Antestiopsis thunbergii, and B: Antestiopsis facetoides for
different shade levels in coffee plantations located on the Aberdare range in Murang’a

COUNLY, KONYA. ...ttt e et e 112

CHAPTER FIVE

Figure 5.1 Location of the study transect over an elevation gradient (1000-1700 m asl)
on the south-eastern slope of Mount Kilimanjaro, in Moshi district, Tanzania. The
transect delimited in pink is approximately 11 km-long and 2 km-wide with a total surface

area Of aroUNd 22,2 KM, ..o e, 128

Figure 5.2 Observed Antestiopsis thunbergii populations (total number of bugs on 15
coffee trees) in relation to elevation on Kilimanjaro transect for the different evaluation
periods. (A) June 2014, cool dry season, (B) October 2014, short rainy season, (C)

January 2015, warm dry season, (D) June 2015, cool dry season......................... 136

Figure 5.3 Distribution of Antestiopsis thunbergii populations (mean density per tree)
over the elevation transect on Kilimanjaro, for the different evaluation periods. (A) June
2014, cool dry season, (B) October 2014, short rainy season, (C) January 2015, warm dry

season, (D) June 2015, COOl dry SEason...........ouiuiirintii i, 137



Figure 5.4 Distribution of establishment risk index (ERI), generation index (GI) and
activity index (Al) of A. thunbergii on Kilimanjaro elevation transect calculated from the
temperature dependent-development models in 2013 and future (2055) temperature
conditions. (A) ERI, (B) Gl and (C) Al under current temperature; (D) ERI, (E) Gl and
(F) Al under future temperature projections; (G) ERI, (H) GI and (I) Al absolute

difference between future and current temperature conditions............................. 139

Figure 5.5 Change in risk indices for A. thunbergii populations of Kilimanjaro transect
between 2013 and future (2055) temperature conditions, plotted against elevations. (A)
establishment risk index (ERI), (B) generation index (Gl), (C) activity index (Al). * =P

<0.05,** =P <0.001, *** =P <0.0001.....ccciiiiiiiiitiii e, 144

XViii



List of Tables

CHAPTER TWO

Table 2.1 Observed mean development times and development times simulated from the
models (median of the distribution) for immature stages of Hypothenemus hampei reared
in the laboratory at different constant temperatures. Means are in days with SE and n the

initial number of eggs observed for each temperature...............c.oooiiiiiiiinnennn.. 33

Table 2.2 Parameters (a = y-intercept, b = common slope) and goodness of fit estimators
(R2and AIC) of models fitted to cumulated frequency distributions of development times

of Hypothenemus hampei immature stages reared at 6 constant temperatures............ 34

Table 2.3 Estimates of the linear regression describing the effect of temperature on
development rate (1/day) of Hypothenemus hampei, k: thermal constant in degree days
(DD), Tpnin: minimum temperature threshold, R?: coefficient of determination, and AIC:

Akaike’s Information CrIteIION. ... ...ttt e e e e e e e, 37

Table 2.4 Model parameters of Logan and Sharpe and DeMichele models describing the
effect of temperature on Hypothenemus hampei immature stage development rate (1/day),
with for Logan models, Y, p and v: model parameters (mean + SE), and T,,,4,.: maximum
temperature threshold (in °C); and for Sharpe and DeMichele model, P, To, Hy, T;, and
H;: model parameters (mean *+ SE; R is the universal gas constant (1.987 cal degree™
mol?), F: F-test statistic, d.f.: degree of freedom, P: probability value, R2: coefficient of

determination, and AIC: Akaike’s Information Criterion................ccccoevviiiinnenn. 38

XiX



Table 2.5 Model parameters of Wang 2 function (T, h, B and H £ SE) and second order
polynomial function (b,, b, and b; + SE) testing temperature effect on Hypothenemus
hampei immature stage mortality rate, F: F-test statistic, d.f.: degree of freedom, P:
probability value, R2: coefficient of determination, and AIC: Akaike’s Information

(01 111= (o] U 41

CHAPTER THREE

Table 3.1 Observed mean development times (in days £ SD) of immature stages and adult
longevity of Monochamus leuconotus reared at different constant temperatures in the
laboratory. N is the total number of eggs used for the experiment at each constant
temperature, and n is the number of each life stage used to calculate the mean at each

CONSTANT TBMIPEIALUNE. . ...ttt e et e e aeae e 69

Table 3.2 Statitics of goodness of fit and parameters estimated for logit and
complementary log-log (CLL) functions (a = y-intercept, b = common slope), fitted to
cumulated frequency distributions of development times of immature stages and adult
longevity of Monochamus leuconotus reared at different constant temperatures in the

LA ALOTY . ..ttt 70

Table 3.3 Statistics of goodness of fit and parameters of models fitted to the relationship
between development rate of Monochamus leuconotus immature stages and temperature,
F: F-test statistic, d.f.: degree of freedom, p: probability value, R% coefficient of

determination, and AIC: Akaike’s Information Criterion....................cccoveeennn.... 73

Table 3.4 Statistics of goodness of fit and parameters of models fitted to the relationship

between the mortality rate of Monochamus leuconotus immature stages and temperature.

XX



F: F-test statistic, d.f.: degree of freedom, p: probability value, RZ coefficient of

determination, and AIC: Akaike’s Information Criterion................ooovvvvviiiinnnnn.. 76

Table 3.5 Statistics of goodness of fit and parameters of models fitted to describe the
relationship between Monochamus leuconotus cumulative oviposition, total oviposition
and adult senescence and temperature F: F-test statistic, d.f.: degree of freedom, p:
probability value, R% coefficient of determination, and AIC: Akaike’s Information

(01 111=1 (o] FUT T RRES 79

Table 3.6 Simulated life table parameters (£ SD) of Monochamus leuconotus at different
constant temperatures (number of eggs used for the simulation = 150). ry: intrinsic rate
of natural increase GRR: gross reproduction rate, Ro: net reproduction rate, T: mean

generation time, Dt doubling time, and A: finite rate of increase. ......................... 81

CHAPTER FOUR
Table 4.1 Spearman correlations between the number Antestiopsis thunbergii and
Antestiopsis facetoides per month and explanatory variables (climatic variables and berry

maturation stage on coffee trees) ......oouiiuiiitiii i 108

CHAPTER FIVE

Table 5.1: Change in minimum and maximum temperatures (mean + SD) between
climatic conditions in 2013 and future projections for 2055 climatic conditions on
selected locations along the Kilimanjaro transect. Current temperatures were recorded
using iButtons Hygrochron data loggers in the selected locations and future temperatures

obtained from AFRICLIM 3.0 climatic projections of RCP 4.5 scenario................ 141

XXi



Al

AlIC
AR5
ARPPIS

CHIESA

CIRAD

DD
DEM
ERI
Gl
GLM
GPS
icipe
ILCYM
IPCC
m asl
PTD
QGIS

RCPs

List of abbreviations

Activity Index

Akaike Information Criterion

Fifth Assessment Report

African Reginal Postgraduate Programme in Insect Science
Climate Change Impacts on Ecosystem Services and Food
Security in Eastern Africa

Centre de Coopération Internationale en Recherche Agronomique
pour le Développement

Degree Days

Digital Elevation Model

Establishment Risk Index

Generation Index

Generalized Linear Model

Global Positioning System

International Centre of Insect Physiology and Ecology
Insect Life Cycle Modelling

Intergovernmental Panel on Climate Change

meters above sea level

Potato Taste Defect

Quantum Geographical Information Systems

Representative Concentration Pathways scenarios

XXii



This thesis is partly based on the following publications:

Note: Chapters 2-5 were written for separate publication in
appropriate journals.

Chapter Two

Azrag, A.G.A., Yusuf, AA., Pirk, CW.W., Niassy, S., Mbugua, K. K., & Babin, R.
(2018). Identifying temperature thresholds using life cycle modelling and their
implications for developmental times and survival of the coffee berry borer
Hypothenemus hampei Ferrari (Coleoptera: Curculionidae: Scolytinae). Bulletin of
Entomological Research,110 (2): 207-218.

Chapter Three

Azrag, A.G.A., Yusuf, A.A., Pirk, CW.W., Niassy, S., Guandaru, E., & Babin R. (2019).
Modelling the impact of temperature on the demographic parameters of the African
coffee white stem borer, Monochamus leuconotus (Pascoe) (Coleoptera: Cerambycidae.
Journal of Thermal Biology, 89, 102534.

Chapter Four

Azrag, A.G.A., Yusuf, A.A., Pirk, C.W.W., Niassy, S., Guandaru, E., & Babin R. (2019).
Factors affecting the distribution and seasonal variation of two stink bugs on Arabica
coffee, Antestiopsis thunbergii and Antestiopsis facetoides. Manuscript.

Chapter Five

Azrag, A.G.A., Pirk, CW.W., Yusuf, A.A., Pinard, F., Niassy, S., Mosomtai, G. & Babin,
R. (2018). Prediction of insect pest distribution as influenced by elevation: Combining
field observations and temperature-dependent development models for the coffee stink
bug, Antestiopsis thunbergii  (Gmelin). PLoS ONE 13(6): e0199569.
https://doi.org/10.1371/journal.

XXiii


https://doi.org/10.1371/journal

CHAPTER ONE

General Introduction

Introduction

Coffee belongs to the family Rubiaceae under genus Coffea, which is grown in tropical
and sub-tropical highlands (DaMatta, 2004; DaMatta and Ramalho, 2006). It is the second
most internationally traded commodity after oil (Vega, 2007; Figueroa et al., 2016;
Malara et al., 2018). The livelihoods of about 100 million people depend on coffee
production worldwide, many of whom are in developing countries and vulnerable to
climate change (Bunn et al., 2015). In 2016/2017, worldwide production was estimated
at 153.9 million bags (132.28 pounds per bag) with a price of 130 US cents per pound
(ICO, 2017). East African production was 17.12 million bags which represented 11% of
world production (UNCTAD, 2018).The revenue generated in coffee trade in 2016 was

estimated at US$30.7 billion worldwide (UNCTAD, 2018).

Among the 124 species within the genus Coffea (Davis et al., 2006), only two are
economically dominant in the world trade, representing 99% of the world coffee
production, namely, Arabica coffee Coffea arabica L. and Robusta coffee C. canephora
Pierre (DaMatta and Ramalho, 2006). Robusta coffee is more vigorous and productive,
however, beverages derived from its beans are of lower quality compared to Arabica
coffee. In contrast, Arabica coffee is associated with high quality drink and it represents
70% of the world production (Dussert et al., 1997; DaMatta, 2004; Bunn et al., 2015). It

is native to Afromontane rainforests of Ethiopia at elevations between 1,200 and 2,800



meters above sea level (m asl) (Meyer, 1965). At this elevation, the average annual
temperature ranges between 18-20°C, with a little seasonal fluctuation and rainfall
between 1,600 and 2,000 mm, which is optimal for coffee production (DaMatta and

Ramalho, 2006).

In the highlands of eastern Africa, the livelihood of millions of people depends on
incomes from the cultivation, processing, transportation and marketing of Arabica coffee.
Coffee provides employment to about 22 million people in five of the main producing
countries of the region, namely Ethiopia, Rwanda, Tanzania, Burundi and Kenya
(Agwanda et al., 2008; Van Asten et al., 2011; Gathura, 2013; Craparo et al., 2015).
Ethiopia is the fifth largest global exporter of Arabica coffee and the main producer in
Africa (Davis et al., 2012). However, coffee producers in the region are mainly small
scale farmers, with little on investment in farm inputs, improved coffee varieties,
pesticides or fertilisers. As a consequence, they often face low and erratic yields that can

lead them out of the coffee farming (Baffes, 2005).

Insect pests, diseases, decreasing soil fertility and susceptibility of coffee cultivars to
climate variability are the major constraints threatening Arabica coffee production in east
Africa (Ribas et al., 2006; Ovalle-Rivera et al., 2015). Among the biotic factors, coffee
berry disease and leaf rust caused by the fungi Colletotrichum kahawae (Bridge and
Waller), and Hemileia vastatrix (Berkeley and Broome), are the most dangerous diseases
of coffee worldwide, accounting for 30-52% of the yield loss (Maia et al., 2013; Garedew
et al., 2017). In addition, insect pests including Antestia bugs, Antestiopsis spp.
(Hemiptera: Pentatomidae), coffee berry borer, Hypothenemus hampei (Ferrari)

(Coleoptera: Curculionidae: Scolytinae) and the African coffee white stem borer,
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Monochamus leuconotus (Pascoe) (Coleoptera: Cerambycidae), being the most important

pests in east Africa (Jaramillo et al., 2011; Ahmed et al., 2016; Gichuhi et al., 2017).

Stink bugs (Antestiopsis spp.)

The stink bug in the genera Antestiopsis spp. (Hemiptera: Pentatomidae) consist of a
species complex, that are widely distributed in Africa (Greathead, 1966). They have a
distinctive morphology of striking patterns and markings in black, white and orange on
their body (Greathead, 1966; Babin et al., 2018). The similarity in colour makes it difficult
to distinguish between species (Figure 1.1). Antestiopsis spp. have six immature stages,
namely egg and five nymphal stages (Mendesil and Abebe, 2004; Ahmed et al., 2016).
The complete life cycle from egg to adult stages takes about three to six months
depending on the environmental conditions (Kirkpatrick, 1937; Mendesil and Abebe,
2004; Azrag et al., 2017). All species from this genus were found on a wide range of
plants belonging to different families (Babin et al., 2018). However, the Rubiaceae
family, especially coffee is a primary host for those have been found in east Africa. Both
nymphs and adults of Antestiopsis spp. feed on coffee berries, leaves, flower buds and

shoots by sucking sap leading to serious damage to coffee plantations.

Greathead (1966) gave the taxonomy and distribution of Antestiopsis spp. in Africa,
which includes Antestiopsis thunbergii (Gmelin) (known as A. orbitalis), A. intricata
Ghesquiére and Carayon, A. facetoides Greathead, A. clymeneis Kirkaldy, A. cruciate F.,
A. falsa Schouteden, A. crypta Greathead, A. lepelleyi Greathead and A. littoralis
Greathead (Greathead, 1966). Nevertheless, the most important species that cause

economic damage to coffee plantations are A. thunbergii (Figure 1.1A), A. intricata



(Figure 1.1B), and A. facetoides (Figure 1.1C), with A. thunbergii being the most
dangerous in eastern Africa (Greathead, 1966; Azrag et al., 2018). These three species
have different distributions with A. thunbergii being found in eastern and southern Africa.
On the other hand, A. intricata is mostly found in western Africa and some part of east
Africa in countries like Ethiopia and Uganda. However, the distribution of A. facetoides
is limited to Kenya and Tanzania, where the species is usually found mixed with A.

thunbergii at elevations between 1,000 and 1,600 m asl (Babin et al., 2018).

Figure 1.1 Three most important Antestiopsis spp. found in eastern Africa with A:

Antestiopsis thunbergii, B: Antestiopsis intricata, and C: Antestiopsis facetoides.

Coffee berry borer (Hypothenemus hampei)

The coffee berry borer, Hypothenemus hampei Ferrari (Coleoptera: Curculionidae:
Scolytinae) is a small beetle of about 1.4-2.0 mm in length, with males being smaller than

females. It is believed that the pest is native to central Africa and spread throughout the



worldwide due to coffee trade (Jaramillo et al., 2011). The female of H. hampei penetrates
coffee berries for feeding and makes galleries where she lays her eggs. Infested berries
can be easily recognised by the round entrance holes close to the apex of the berries
(Jaramillo et al., 2005). According to Jaramillo et al. (2009), a single female can oviposit
her entire lifespan about 300 eggs in the infested berry. Egg incubation period ranges
between 3.3 and 12.0 days depending on the environmental conditions (Jaramillo et al.,
2009). The duration of the larval stage ranges between 11 and 28 days under the
temperature between 20 and 30°C (Jaramillo et al., 2009). However, some authors
reported conflicting data on the development time for immature stages of H. hampei, even
when the pest was reared at the same temperature. For example, the development times
reported for the larval stage at 27°C, were 12, 13, 17, and 25 days (Brun et al., 1993,
Barrera, 1994; Fernandez and Cordero, 2007; Jaramillo et al., 2009). This mainly is due
to the cryptic nature and small size of the beetle, which make it difficult to study its life
history traits under controlled conditions. After immature stages develop to adult, the
mating occurs inside the berry between the siblings, then, the females exit to infest new
berries, while the males, which are flightless, usually die inside. The sex ratio is biased

towards females in the ratio 10:1 (females: male) (Brun et al., 1995).

Coffee white stem borer (Monochamus leuconotus)

The African coffee white stem borer Monochamus leuconotus (Pascoe) is known as an
indigenous pest of Arabica coffee in eastern and south Africa for more than a century
(Knight, 1939; Schoeman et al., 1998). It was first recorded in south Africa by Pascoe in
1869 (Tapley,1960; Schoeman et al., 1998). Later, in 1930’s, it was reported in east Africa

(Kenya) on Arabica coffee at elevations below 1,600 m asl (Knight, 1939). Monochamus
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leuconotus feeds on the coffee stems leading to phloem and wood destruction, yellowing
of the leaves, low productivity, and dieback of the trees (Tapley, 1960). As H. hampei,
M. leuconotus has a cryptic nature inside the coffee wood with a long-life cycle (a
proximately 2 years), which make it difficult to study its life history traits. In fact, most
studies on M. leuconotus described life cycle traits under field conditions or room
temperatures inside the coffee wood (Tapley, 1960; Schoeman et al., 1998). However, a
recent study by Gichuhi et al. (2017) developed an artificial diet and studied the life cycle
of the pest at a constant temperature of 25°C, which opens a new door for further studies

on the thermal biology of M. leuconotus.

In the field, the life cycle begins when the female deposits eggs under the bark of the
lower part of the coffee stem (Jonsson et al., 2015; Kutywayo et al., 2013). The size of
the egg is about 4-5 mm long and 1.5-2.0 mm in diameter (Tapley, 1960). The incubation
period takes between 15 and 26 days at 25-26°C (Schoeman et al., 1998; Gichuhi et al.,
2017). After egg hatching, the larva starts feeding on the bark of the coffee stem and
destroys the phloem; this damage is known as ring barking (Figure 1.2A). The ring
barking stage takes between three to four months after which the larva bores into the
wood (wood boring phase) (Figure 1.2B and 1.2C). It feeds on the coffee stem for 17 to
20 months before pupation (Tapley, 1960; Schoeman et al., 1998). The pupation occurs
in the pupa chamber, and it takes between 21 to 32 days before the adult emerges (Gichuhi
etal., 2017). After emerging, the adult remains in the pupal chamber for about one month
to become mature (Tapley, 1960). Thereafter, it starts chewing through the wood and
makes a small circular exit hole (Figure 1.2D), after which mating between males and

females occurs and egg laying resumes (Hamburg et al., 1998).
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Figure 1.2 Signs of infestation by the coffee white stem borer Monochamus leuconotus
on the stem of a coffee tree A, ring barking stage (frass); B, wood boring phase (entry
hole of the larva into the coffee stem); C, larva feeding inside the coffee stem; and D,

adult exit hole from the coffee stem.

Antestiopsis spp. and M. leuconotus cause significant yield loss of about 25 and 45% of
total production and affect the quality of coffee beans (Gichuhi et al., 2017; Azrag et al.,
2017). On the other hand, H. hampei causes yield loss estimated up to U$500 million
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worldwide annually (Vega et al., 2002), with high infestation levels between 80 and 90%
reported in east Africa (Jonsson et al., 2015). Yet, an increase of infestation levels by the
three insect pests of coffee as well as, changes in their distribution in east Africa is
forecasted with warming climate, which might lead to profound consequences on coffee

farming (Jaramillo et al., 2011; Kutywayo et al., 2013).

In the last decades, responses of agricultural insect pests to temperature fluctuations in
east Africa have gained much attention (Jaramillo et al., 2011; Khadioli et al., 2014;
Mwalusepo et al., 2015; Ngowi et al., 2016). Temperature is the most important
environmental factor that has a direct influence on insect development and distribution
(Bale et al., 2002). In the context of global warming, an increase in temperature may have
a direct effect on incidence of insect pests on crops, which might lead to severe damages.
Pest population density, geographical distribution and population dynamics will be
impacted by temperature changes through insect physiology and behaviour (Estay et al.,
2009). Moreover, indirect effects are also expected due to the impact of temperature on
host plants and biological control agents such as the natural enemies (Bale et al., 2002).
Therefore, estimating the relationship between temperature and development rate,
survival and reproduction of insect pests of coffee is crucial for calculating their thermal
thresholds (Tonnang et al., 2013). This will allow the prediction of areas that are most
suitable for the species establishment, which could help governments and farmers to adapt
to changes in pest populations by developing adequate management strategies aimed at

preventing crop losses and consequences of such.

To understand the relationship between species distribution and climatic factors,

modelling has been widely used as a tool to predict insects’ life histories and distribution
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within the global warming scenario (Estay et al., 2009; Tonnang et al., 2013; Kutywayo
et al., 2013). Two modelling approaches, namely inductive and deductive were adopted
for evaluating and understanding the ecological niche of pests in different agroecological
zones (Pearson and Dawson, 2003; Tonnang et al., 2013). Inductive approach is based on
the environment in which the insect has been found in the region (present/absent data).
In this method, long term meteorological data with interpolation are used in programs
such as BIOCLIM and CLIMEX to predict the distribution of a species based on climatic

factors (Pearson and Dawson, 2003; Beaumont et al., 2005; Feilhauer et al., 2012).

On the other hand, deductive method relies on phenology models (temperature-dependent
development models) that describe basic insect life history parameters such as
development time, development rate, mortality, fecundity and adult life span using linear
and nonlinear functions (Sporleder et al., 2004; Tonnang et al., 2013; Fand et al., 2015).
This approach is based on life table studies under laboratory conditions at different
constant temperatures for the insect species. Then, the resultant life table parameters are
simulated based on daily temperature data, in order to generate and map three main
indices measuring the risks of the pest under climate warming: i) the risk index which
assesses the probability of the pest to survive and establish in a particular area, in the
current and future climatic situations, ii) the generation index, which estimates the mean
number of generations that may be produced within a given year and iii) the activity
index, which is related to the finite rate of increase of the pest population and assesses the

damage that can be caused by the pest (Tonnang et al., 2013).

Based on the fact that temperature is the most important environmental factor that affects

insect development and distribution, it is necessary to understand the impact of
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temperature on the life history traits of insect pests in order to predict their current and
future distributions on coffee plantations. Thus, the prediction of the potential impact of
climate change on the distribution and abundance of coffee insect pests become more
relevant for developing effective control measures to minimise the risk. Therefore, in this
thesis, the deductive approach of modelling was used to predict the life history traits and

distribution of three major insect pests of Arabica coffee in east Africa.

Rationale of the study

Climate projection in east Africa showed an increase in temperature between 1.9 and
3.0°C by the year 2055 (Platts et al., 2015). This rise is expected to have a serious effect
on coffee flowering and fruiting pattern leading to yield reduction. In addition, insect
pests, especially H. hampei, M. leuconotus, and Antestiopsis spp. cause high damage to
coffee plantations in the region (Jaramillo et al., 2011; Ahmed et al., 2016; Gichuhi et al.,
2017). The yield loss is estimated to be between 25 and 45% for Antestiopsis spp. and M.
leuconotus (Gichuhi et al., 2017; Azrag et al., 2017). While H. hampei is responsible for
economic loss estimated at U$500 million worldwide annually (Vega et al., 2002), with
high infestation level between 80 and 90% being reported in east Africa (Jonsson et al.,
2015). Due to climate change, the rising temperature may have a potential impact on the
geographical distribution, abundance, and population dynamics of insect pests in coffee
plantations. As a consequence, it may increase the extent of crop losses in eastern Africa
which will be complemented with direct effects of temperature on coffee production
(Jaramillo et al., 2011; Kutywayo et al., 2013). Interestingly, the control measures
developed for Antestiopsis spp, H. hampei and M. leuconotus are not sufficient to control

their damages in coffee plantations. This is mainly due to the insufficient knowledge of
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the thermal biology, ecology and distribution of these pests. In particular, the impact of
temperature on the life history traits and distribution has major gaps in knowledge, which
need to be addressed in order to develop effective management strategies. Understanding
the biology, ecology and distribution of the pest in the context of global warming is a key
component to developing an effective and ecologically sound pest management strategy
(Tonnang et al., 2013). The work presented in this thesis was conducted in order to better
understand the role that temperature plays on the life histories of major coffee pests as
well as, the effect of major agro-ecological factors on the distribution and seasonal

variation of these pests.
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CHAPTER TWO

Identifying temperature thresholds using life cycle modelling and their
implications for developmental times and survival of the coffee berry
borer Hypothenemus hampei Ferrari (Coleoptera: Curculionidae:

Scolytinae)
Abstract

The coffee berry borer, Hypothenemus hampei (Ferrari) (Coleoptera: Curculionidae:
Scolytinae) is the most destructive insect pest of coffee worldwide. It feeds on coffee
berries at all maturation stages, leading to significant losses of both quantity and quality
of coffee beans. This study aimed to provide the thermal requirements of immature stages
of H. hampei in the laboratory, using a new observation method. Larval development and
survival were monitored daily on fresh Arabica coffee seeds, under seven constant
temperatures in the range 15-35°C, with 80 £ 5% RH and 12:12 L: D photoperiod. Linear
and non-linear functions were fitted to the development data plotted against temperature,
using Insect Life Cycle Modelling software (ILCY M). Temperature significantly affected
the development time of all immature stages. Egg incubation period ranged 4.6-16.8 days,
under temperature between 15 and 30°C. No development occurred at 35°C, and the larva
stage did not develop to pupa at 15°C. The minimum temperature threshold (T,i,)
estimated from linear regressions was 10.5, 13.0, 15.0 and 13.0°C, for egg, larva, pupa,
and the total development from egg to adult, respectively. The maximum temperature
threshold (T;,,.,) estimated from the Sharpe and DeMichele function was 32°C for egg to
adult development. The thermal constant (k) was estimated at 78.1, 188.7, 36.5, and 312.5
degree days, for egg, larva, pupa, and for egg to adult, respectively. Our results will help
understand the relationships between H. hampei life cycle and temperature and the pest
population dynamics and distribution in coffee plantations as impacted by climate.

Key words: Coffea arabica, ILCYM, life cycle, development time, development rate.
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Introduction

The coffee berry borer, Hypothenemus hampei (Ferrari) (Coleoptera: Curculionidae:
Scolytinae) is the most devastating insect pest of coffee worldwide (Damon, 2000;
Jaramillo et al., 2006; Vega et al., 2009). The tiny beetle feeds on coffee berries at all
maturation stages, leading to losses of both quantity and quality of coffee beans (Le
Pelley, 1968; Vega et al., 2003; Jaramillo et al., 2010). Feeding damage is of two types:
adult female feeding lesions on developing fruits lead to berry drop, and offspring feeding
galleries in the berry endosperm (coffee seeds) lead to bean weight loss and higher
vulnerability to infection by diseases. Economic losses due to H. hampei infestations
globally are estimated at US$500 million annually (Vega et al., 2002). In eastern Africa,
infestation level can be as high as 80-90% in medium to low-elevation coffee plantations
(<1,500 m asl), causing serious economic loss to small scale farmers (Jonsson et al.,
2015). Its high reproductive rate, short life cycle (Jaramillo et al., 2009) and cryptic
behaviour that makes chemical spraying inefficient (Brun et al., 1989) may account for

the success of H. hampei as a devastating pest and a threat to coffee growers.

Reproductive females of H. hampei are small in size (1.4-2.0 mm long) and they bore
galleries in the coffee seeds for egg laying; usually, a single female attacks a berry (Baker
et al., 1992; Jaramillo et al., 2010; Jaramillo et al., 2011). The dry matter content of the
seeds is the most crucial factor that determines egg-laying initiation. When females enter
berries with dry matter content <20%, they usually exit them shortly or stay inside waiting
that the seeds become hard enough to allow oviposition and offspring development
(Jaramillo et al., 2010). After adults emerged, the new females mostly leave the berry

after having mated with their male siblings. In some cases, mothers lay their eggs in the
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same berry where they were born (Baker et al., 1992; Jaramillo et al., 2010), leading to
generation overlapping and populations of hundreds of individuals in one single berry.
Due to this mode of reproduction, the wingless males of H. hampei, which are smaller
than females, usually do not leave the berry where they were born. In fact, the the sex

ratio is female-biased, with a ratio estimated at 1:10 male to females (Brun et al., 1994).

Despite the economic importance of H. hampei in the coffee industry, there are still major
gaps in the knowledge of its thermal biology, especially since the thermal requirements
for its development are poorly documented. In addition, literature reports inconsistent
data on the pest’s development as influenced by temperature. For example, Barrera
(1994) reported a larval development time of 17 days at 27°C, while it was 13 days at the
same temperature in the study by Fernandez and Cordero (2007). The reason for this may
be the use of different methodologies for rearing and observation. Hypothenemus hampei
immature stage development happens inside coffee berries and is therefore difficult to
observe without disturbing it. In the present study, we developed a new observation

method to overcome this difficulty.

As poikilotherms, insects depend on the temperature of their environment to develop
(Régniére et al., 2012). The ability of an insect to develop under a wide range of
temperatures is an important adaptive mechanism for enhanced survival and growth in
different climatic conditions (Bale et al., 2002). Knowing this range of temperatures is
crucial for predicting distribution, population dynamics and outbreaks of insect pests
(Tonnang et al., 2013; Azrag et al., 2017). Linear models are usually used to describe the
relationship between development rate and temperature. They allow the calculation of

thermal requirements for development, such as minimum temperature threshold (T,,iy)
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and the thermal constant k, in degree days (DD), which represents the amount of energy
needed to complete development (Wagner et al., 1991; Kontodimas et al., 2004; Nielsen
etal., 2008). At the highest temperatures, however, the relationship between development
and temperature is rarely linear, and nonlinear models are preferably adopted for the
calculation of the maximum temperature threshold (7},,4,) and optimum temperature for
development (Hilbert and Logan, 1983; Wagner et al., 1991; Worner, 1992). In this
chapter, we adopted a similar approach for H. hampei immature stages. First, we
developed an original observation method for monitoring the development of immature
stages on a daily basis under seven constant temperatures. Then, we adapted linear and
nonlinear models to development and survival data plotted against temperature in order

to provide the thermal requirements for development of this major pest of coffee.

Materials and Methods

Insect field collection for colony initiation

Experiments started with the collection of H. hampei adult females from the field. Initial
sampling was done in small holding coffee farms located on the Aberdare range, in
Murang’a County, Kenya (sampling area between 0.710°S — 37.083°E and 0.695°S —
36.923°E, with elevation range ~ 1,300-1,800 m asl). In this area, annual rainfall ranges
~ 1,200-1,800 mm, with two rainy seasons, from mid-March to May and from October
to mid-December, the former being the most important (Ovuka and Lindqvist, 2000). The
annual mean temperature varies according to elevation, with = 20°C at 1,500 m asl. In
the area, land use is dominated by small scale coffee farms, mixed with food crops such

as maize, beans and banana, with trees such as grevillea, Grevillea robusta (A. Cunn. ex
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R. Br.) and macadamia, Macadamia spp. that provide shade to coffee trees. Coffee berries
infested by H. hampei were collected from 13 coffee farms. Infested berries are easily
detected by the holes the females drill, almost always at the apex of the berry, to penetrate
the fruit. Berries were kept in 0.5-L plastic containers (Foodmate, Kenpoly Manufacturers
Ltd, Kenya), measuring 10.4 cm in mean diameter and 6.0 cm deep, for transportation to
the coffee pest laboratory at International Centre of Insect Physiology and Ecology
(icipe), Kenya. Container lids had a 4 cm diameter opening, covered with a fine mesh
tissue for aeration. Enough infested berries were collected to fill 20 of these containers.
In the laboratory, the containers were kept for three weeks in an incubator (SANYO MIR-
553, Sanyo Electrical Ltd., Tokyo, Japan) set at 25 + 0.5°C, with 80 £ 5% RH and 12:12
L: D photoperiod (Jaramillo et al., 2010). Afterwards, the berries were dissected with a
scalpel under a stereo microscope using the x10 magnification and females were gently
collected with a mouth aspirator. Approximately 12,000 H. hampei adult females were

collected this way for subsequent experiments.

Egg production

Mature berries of Coffea arabica var. Ruiru 11 were collected from the same coffee farms
where H. hampei were sampled for colony initiation. The berries were carefully checked
for infestation and only non-infested fruits were collected and transported to the
laboratory. Here, berries were washed with detergent (Teepol, Sudi Chemical Industry
Ltd, Kenya), then thoroughly rinsed with water and finally placed on a paper towel for 2
h to dry at room temperature (=25 + 2°C). Afterwards, the berries were distributed in 60

containers of the same type as those used for field collection (0.5-L aerated plastic
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containers), with each container having 80 berries. Then, approximately 200 reproductive
H. hampei females obtained from field infested berries were introduced into each
container. After 18 h, newly infested berries were collected and transferred into new
containers (each container had between 50 and 70 infested berries) of the same type as
previous (0.5-L aerated plastic containers) but, lined with a humidified mixture of plaster
of Paris and activated charcoal to maintain a high level of humidity (Jaramillo et al.,
2010). These containers were incubated (as previously described) at 25 + 0.5°C, with 80
+ 5% RH and 12:12 L:D photoperiod. Five days after infestation, the berries were
dissected under a stereo microscope using the x10 magnification and the eggs were
carefully collected with the aid of a fine camel-hair brush and thereafter placed on discs
made of paper towels in small plastic Petri dishes (3.5 cm wide, 1 cm deep). Each Petri
dish contained 10-12 eggs to ease observation under the stereo microscope. We assumed
that most of eggs were < 24 h old at that time (all of them were < 48 h), since H. hampei
females usually start laying eggs 4 to 6 days after they have penetrated the berry

(Jaramillo et al., 2010).

Development and survival of immature stages

Eggs obtained with the method described above (egg production section) were incubated
in laboratory incubators of the same model as previously mentioned, but now set at the
following seven constant temperatures: 15, 18, 20, 23, 25, 30 and 35°C (+ 0.5°C), at 80
+ 5% RH and 12:12 L:D photoperiod. For each temperature, between 100 and 200 eggs

were observed daily for a month under a stereo microscope (x10 magnification) to detect
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hatching and assess the incubation period. The eggs that did not hatch during this period

were observed for two additional weeks and then, if not hatched, recorded as dead.

After emerging, the larvae were reared individually on fresh coffee seeds. Mature coffee
berries were dissected to extract the two seeds from inside. Then, a slit approximately 1.5
mm deep and 2 mm wide was made into the seed using a sharp scalpel, where the larva
was carefully placed using a fine camel hair brush. The seed with the larva was gently
wrapped with aluminium foil in order to maintain the larva in conditions similar to those
inside the berry and to prevent it from escaping. Each seed was labelled and placed in a
well (2.5 cm in diameter and 2 cm deep) of a 12-well plate (Costar, Corning Inc., NY,
USA). Larvae were transferred to new fresh seeds every four (4) days to prevent them
from boring deeply in the seed. The larvae were examined daily under a stereo
microscope to record pupation and mortality. After pupation, the pupae were carefully
extracted from the seeds and kept in the same well plates lined with paper towel and
monitored daily until adults emerged. This rearing method enabled us to directly observe
the development and survival of all immature stages and follow the same individuals from

egg to adult.

Model parameterisation

The impact of temperature on the development and mortality of immature stages in H.
hampei were described with linear and non-linear functions using the Insect Life Cycle
Modelling software (ILCYM, version 3.0) (Tonnang et al., 2013). ILCYM includes a
model builder that facilitates the fitting of non-linear functions to observed data. These

models allow the calculation of the thermal requirements of the insect by describing the
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temperature dependency of development time, development rate, and mortality rate for
each life stage. Best-fitted models were thereafter selected based on their coefficient of

determination (R?) and Akaike’s Information Criterion (AIC) (Tonnang et al., 2013).

Modelling the development time distribution

The frequency distributions of insect development time are usually skewed, and it is
assumed that the distributions have the same shape at different constant temperatures
(Sharpe and DeMichele, 1977). In a first step, cumulative frequencies of development
times were plotted, for each life stage and temperature, against In-transformed
development times (normalised development time). Then, common binary distribution
models were fitted to observed data in a parallel approach to estimate the development
time. The estimated development time was the median of the distribution, in other words
the time required for 50% cumulative frequency of the individuals in each life stage to
complete the development. The best-fitted models were complementary log-log (CLL)
for the egg stage and the complete development from egg to adult, and probit for the larva
and pupa stages. The mathematical expressions of the CLL and probit functions are given

in Table 2.2 (Tonnang et al., 2013).

Modelling the effect of temperature on the development rate

The development rate was calculated at each constant temperature, for each immature
stage, and for the complete development from egg to adult as the inverse of the median
development time (development rate = 1/ development time). We chose median

development time because all distributions of the development times have the same
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shapes and use of median times yield one standard curve for all temperatures (Wagner et
al., 1984). In addition, the median is less sensitive to outliers compared to the mean times,
especially when the distributions of development skewed to the longer times (Wagner et
al., 1984). Calculated development rate was plotted against temperature and fitted to
linear models following the formula:

r(T) = a+ bT

Where, r(T) is the development rate at temperature T'; a is the intercept and b is the slope
of the regression line. The minimum temperature threshold (T,,;) at which the
development rate = 0, was estimated using the intercept and slope of the regression line:
Tmin = —a/b; while the thermal constant k (in degree days) was estimated using k =
1/b.

In our study, the relationship between development rate and temperature fitted well to
linear regressions for all temperatures. However, this relationship is usually not linear for
the highest temperatures of development as demonstrated for other insect species (Sharpe
and DeMichele, 1977). Therefore, non-linear models were also used to describe this effect
for each immature stage. In addition, non-linear models allow the assessment of the
maximum temperature threshold (T;,,,,). Logan model (Logan et al., 1976) predicted well
the effect of temperature on development rates for egg and pupa stages, while the
modified version with five parameters of the biophysical Sharpe and DeMichele model
(Sharpe and DeMichele, 1977) gave the best fit to the larva stage and for the complete
development period from egg to adult. The mathematical expressions of the models are

presented on Table 2.4 (Tonnang et al., 2013).
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Modelling the effect of temperature on mortality rates

Mortality rates were calculated for each life stage at given temperatures from the number
of surviving individuals relative to mortalities. Then, a modified version of the Wang
model (Wang et al., 1982) was applied to describe the effect of temperature on mortality
rate of each immature stage, while a second order polynomial function was used for the
mortality rate for the period from egg to adult. The mathematical expressions of these

models are presented on Table 2.5 (Tonnang et al., 2013).

Statistical analyses

The effect of temperature on H. hampei developmental time (in days) was assessed for
each development stage and for the complete development from egg to adult. Data for
egg incubation period, larva and pupa development time, and egg to adult development
were separately subjected to Generalised Linear Model (GLM) with a Poisson
distribution as recommended by O’Hara and Kotze (2010). R programming environment
(R Core Team, 2016) was used for calculations with temperature as independent variable.
Once significant differences were detected, data were submitted to post hoc analysis for

mean comparison using Tukey test at o = 0.05.

Results

Development time

Development occurred between 15 and 30°C for egg and between 18 and 30°C for larva
and pupa (Table 2.1). The effect of temperature on the observed development times was

significant for all H. hampei immature stages, as well as for the complete development
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time from egg to adult (egg: y> = 436, df = 848, P < 0.0001; larva: y?>= 416.9, df = 745, P
< 0.0001; pupa: ¥*= 317.98, df =920, P < 0.0001; egg to adult: ¥*=106.26, df = 81, P <
0.0001). The mean observed development time for egg ranged between 4.6 £ 0.1 and 16.8
+ 0.5 days at 30 and 15°C, respectively. The longest mean development time for the larva
was 39.5 + 0.6 days at 18°C, while the shortest was 12.5 + 0.2 days at 30°C. To complete
its development to adult, the pupa stage took an average of 13.6 + 0.3 days at 18°C and
3.0 £ 0.1 days at 30°C. Mean total development time from egg to adult was 63.4 + 0.8

days at 18°C and, 18.0 + 0.2 days at 30°C (Table 2.1).

The distribution of development times for egg stage and for the complete development
from egg to adult was well described by a CLL model (R? = 0.94-95, AIC = 515.75-
1030.1) (Figure 2.1; Table 2.2). By contrast, the distributions of development times for
larva and pupa stages fitted well a probit distribution model (larva: R? = 0.96, AIC
=710.4; pupa: R? = 0.97, AIC = 339.8). Simulated values for development time (median
development time of the distribution) obtained from these models were consistent with
observed development times (mean development times) (Table 2.1), attesting the quality

of model fitting.
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Figure 2.1 Cumulative distribution of developmental times of Hypothenemus hampei egg (A), larva (B), pupa (C), and egg to adult (D).
Curves are fitted models: complementary log-log (CLL) model for egg stage and complete development from egg to adult, and probit

model for the larva and pupa stages. Bars indicate 95% confidence intervals for median development times estimated from the models.
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Table 2.1 Observed mean development times and development times simulated from the models (median of the distribution) for

immature stages of Hypothenemus hampei reared in the laboratory at different constant temperatures. Means are in days with SE and n

the initial number of eggs observed for each temperature.

T Egg Larva Pupa Egg to adult
0 q Observed Simulated Observed Simulated Observed Simulated Observed Simulated

15 112 16.86+0.46a 16.83 +0.38a - - - - - -

18 200 1158+0.18b 11.09+0.28b 39.45+0.55a 38.34+0.54a 13.58+0.26a 12.71+0.28a 63.38+0.76a 62.79 +£0.79a
20 167 893+0.16c 855+0.18c 29.12+0.28b 28.26+0.39b 7.29+0.11b 6.57+0.20b 46.75+0.32b 44.19 + 0.50b
23 161 657+0.11d 6.12+0.14d 21.09+0.23c 20.32+0.30c 5.80+0.10c 5.01+0.12c 33.71+0.21c 32.82+0.42c
25 191 5.76 £ 0.10e 529+0.12¢ 15.24+0.14d 1458+0.20d 4.15+0.07d 3.53+0.10d 26.00+0.18d 24.42+0.28d
30 110 4.62+0.09f 3.48+0.10f 12.09+0.17¢ 11.46+0.16e 3.00+0.08e 2.42+0.06e 18.00+0.24e 18.57 +0.20e
35 100 - - - - - - - -

Means in each column followed by the same letter are not significantly different (Tukey’s HSD, P = 0.05).
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Table 2.2 Parameters (a = y-intercept, b = common slope) and goodness of fit estimators (R2 and AIC) of models fitted to cumulated

frequency distributions of development times of Hypothenemus hampei immature stages reared at 6 constant temperatures.

y-intercept (a)

Slope (b) R?> AIC
Life stage 18°C 20°C 23°C 25°C 30°C
Eggt -13.76 £0.30 -11.78+£0.25 -1055+0.23 -896+0.20 -8.26+0.19 -7.04x0.17 4.74+0.10 094 515.75
Larva? -24.19+£0.37 -22.17+0.34 -1998+0.31 -17.78+0.28 -16.18+0.26 6.63+£0.10 0.96 710.44
Pupa? -1046+0.23 -7.74+0.18 -6.63x0.16 -519%+0.132 -3.64+0.13 4.11+£0.09 0.97 339.76
Egg to adult! -37.55+£0.58 -34.19+053 -31.48+0.49 -2893+045 -2654+041 891+£0.14 0.95 1030.14

Models”

ICLL distribution: f(x) = 1 — exp (— exp(a; + blnx))
2Probit distribution: f(x) = @(a; + blnx)

“CLL and probit distributions: f(x) is the probability to complete development at time x, Inx is the natural logarithm of the days observed, a; is the
intercept of the regression line corresponding to temperature i, and b is the common slope of the regression line in all cases.
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Development rate

Temperature had a significant effect on the development rate of immature stages of H.
hampei as well as on the total development from egg to adult (P < 0.001) (Tables 2.3 and
2.4). Linear models showed that the minimum temperatures required for immature stage
development (Tmin) were 10.5, 13.1, 15.0 and 13.0°C, for egg, larva, pupa, and egg to
adult respectively (Figure 2.2; Table 2.3). The thermal constants k was estimated at 78.1,
188.7, 36.5, and 312.5 DD for egg, larva, pupa and complete development from egg to
adult, respectively. The Logan model gave the best fit for the egg and pupa stages (R? =
0.89-99 and AIC = —45.87 -2.31) (Figure 2.2; Table 2.4), while for the larva stage and
for total development from egg to adult, modified version (five parameters) of the Sharpe
and DeMichele model gave a best fit (R =94-0.95 and AIC = —26.09 to —20.3). The
maximum temperature threshold (T;,,,,) Was estimated at 35.2, 34.4, 33.9 and 32°C for

egg, larva, pupa and from egg to adult, respectively (Figure 2.2; Table 2.4).
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Figure 2.2 Temperature-dependent developmental rate of Hypothenemus hampei egg
(A), larva (B), pupa (C), and egg to adult (D). Observed values are the black points, with
bars representing standard deviation of the mean. Fitted models are the dashed straight
lines for linear regression and solid lines for the Logan model (egg & pupa) and Sharpe
and DeMichele model (larva & egg to adult). Dashed lines above and below represent the

upper and lower confidence bands.
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Table 2.3 Estimates of the linear regression describing the effect of temperature on Hypothenemus hampei development rate (1/day), k:
thermal constant in degree days (DD), T,,i,: minimum temperature threshold, R2: coefficient of determination, and AIC: Akaike’s

Information Criterion

Life stage Linear regression equation F df. P R> AIC T,,(°C) k(DD)
Egg r(T)=-0.1349+0.0128 x T 947.29 1,4 <0.0001 0.99 43.08 10.54 78.13
Larva r(T)=-0.0692 + 0.0053 x T 153.70 1,3 0.001 0.98 -—37.66 13.06 188.68
Pupa r(T)=-0.4107 +0.0274 x T 276.78 1,3 <0.0001 0.98 -24.13 14.99 36.49

Egg-adult  r(T) =-0.0417 +0.0032 x T 295.06 1,3 <0.0001 0.99 -45.89 13.03 312.5
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Table 2.4 Model parameters of Logan and Sharpe and DeMichele models describing the effect of temperature on Hypothenemus hampei
immature stage development rate (1/day), with for Logan models, Y, p and v: model parameters (mean = SE), and T,,,4,: maximum
temperature threshold (in °C); and for Sharpe and DeMichele model, P, To, Hy, T), and H,: model parameters (mean = SE; R is the
universal gas constant (1.987 cal degree™ mol?), F: F-test statistic, df: degree of freedom, P: probability value, R2 coefficient of

determination, and AIC: Akaike’s Information Criterion.

Life stage Model Parameters F df P R2 AIC
Logan Y 0.018 £ 0.001
Trax 35.232 £ 0.001
Egg (Tmax —T) 49091 2,3 0.002 0.99 -45.87
r(T) = Y{exp(pT) =~ exp(p Tz = — ) } p 0.175 + 1.097
v 5.288 + 0.010
Sharpe and DeMichele P 0.179 £ 0.059
T AHL 71 1 To 303.459 + 0.057
A
Larva Y P-T_O-EXP [T (T_o_ T)] Ha -232290.3+0.000 40.62 2,3 <0.001 0.94 -20.30
r = 1+ exp [% (l _ 1)] T 303.657 + 0.168
RALT H.  -255315.2 +0.000
Logan Y 0.004 + 0.003
Trnax 33.993 £ 0.041
Pupa (Tmax —T) 29.37 13 <0.001 089 -231
r(1) = Y {exp(o) = exp(p T =~} p 0.227 + 7.865
v 3.920 £ 0.084
Sharpe and DeMichele P 0.013£0.001
T AHL /1 1 To 289.44 +0.000
A
Egg-adult 0 P.T—o.exp [T (T_o_ T)] Ha 21589.23+0.000 4731 1,3 <0.001 095 -26.09
T =
Ag, (1 1 T 303.48 + 0.069
1+ exp [ (TL 7]

HL 517475.3 + 0.000
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Effect of temperature on the mortality rate

Temperature had a significant effect on the mortality rate of the egg and larva stages and
for the total development from egg to adult (egg: F = 68.04, df = 2, 3, P < 0.05; larva: F
=141.45, df = 2, 3, P < 0.01; egg to adult: F = 59.76, df = 2, 4, P < 0.05) (Table 2.5).
However, the tested temperatures did not have a significant effect on the mortality of the
pupa stage (F = 14.73, df = 1, 3, P = 0.18). For all immature stages, the best-fitted model
was the Wang 2 (R? = 0.98-0.99 and AIC between —22.92 and —21.20), while second
order polynomial functions gave a good fit to mortality for the total development from
egg to adult (R? = 0.98, AIC = —14.9) (Figure 2.3; Table 2.5). Larva stage had the highest
mortality rate at the tested temperatures with 100%, 50%, 38%, 28%, 33% and 80% at
15, 18, 20, 23, 25 and 30°C, respectively (Figure 2.3). The thermal window for H. hampei
survival from egg to adult was estimated from the second order polynomial function
between 16.1 and 30.3°C, and the optimum temperature for survival was estimated at

23.2°C (Figure 2.3).
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Figure 2.3 Temperature-dependent mortality rate of Hypothenemus hampei immature
stages fitted to Wang 2 function for egg (A), Larva (B) and Pupa (C), and to second order
polynomial function for the complete development from egg to adult (D). The points are
observed values and the solid curves are the selected model output. Dashed lines above

and below represent the upper and lower 95% confidence bands of the models.
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Table 2.5 Model parameters of Wang 2 function (T, h, B and H £ SE) and second order polynomial function (b,, b, and b5 £ SE) testing
temperature effect on Hypothenemus hampei immature stage mortality rate, F: F-test statistic, df: degree of freedom, P: probability

value, R2: coefficient of determination, and AIC: Akaike’s Information Criterion.

Life stage Model Parameters F df P R? AIC
Tl 18516 +1.548
Th  28.031+1.278
Egg 68.04 23 0.015 099 2292
B 1.289 + 0.358
H 0.040 £ 0.021
Wang 2 Tl 28.492 +0.000
1 Th 17.933 +0.000
Larva m(T)=1- — P 8 1.934 + 0,000 14145 2,3 0.007 0.99 -21.20
exp (1+exp— — )x<1+exp— — )xH) ' -
( =) =7 H  1e-04+0.000
Tl 23.911+0.233
Th 23.912 £0.233
Pupa 1473 1,3 0.188 0.98 -—23.23
B 2.521 £0.281
H 0.017 £ 0.003
Second order polynomial function by 9.329 £ 0.001
Egg-adult b, -0.887+0.007 59.76 24 0016 098 -14091
m(T) = exp( by + b,T + b3 T?)
bz  0.0191 + 0.000
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Discussion

Observation method

Here, we developed and validated a new observation method that allows for direct
monitoring of the complete development from egg to adult of a large number of H. hampei
individuals, whilst maintaining rearing conditions similar to those found in a coffee berry.
This is the recommended approach for accurate assessment of the impact of temperature
on insect demography (Tonnang et al., 2013). Due to the cryptic nature of the pest, life
cycle observation has been challenging in the past. Different methods and approaches
were used in both field and laboratory that include those in Baker et al. (1992), where
coffee berries on trees in the field were artificially infested with H. hampei and sampled
after every 3-4 days for dissection to observe immature stages. Fernandez and Cordero
(2007) used parchment coffee beans moistened for 24 h to feed the larva stage in the
laboratory. By contrast, Brun et al. (1993) reared H. hampei on artificial diets in the
laboratory, which made the observation easier. However, artificial diets are but proxies
to natural food for H. hampei and thus might affect the development process of the pest.
In the recent past, Jaramillo et al. (2009) developed an observation technique based on
artificial infestation of coffee berries in the laboratory, where berries were dissected on a
daily basis to observe the development of groups of individuals. One of the unique
improvements of our method is that it allows the easy monitoring of larva development
on fresh coffee seeds and the same individuals can be monitored from egg through to
adult stage. On one hand, packing the fresh coffee seed hosting the larva in an aluminium

foil allowed us to mimic the living conditions inside the berry, especially darkness and
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high level of humidity. On the other hand, aluminium package was easily opened without

damaging or disturbing the larva, which is not ensured when berries are dissected.

Temperature-dependant development models

Although insects do not develop at constant temperature in nature, development models
obtained from laboratory studies provide useful information on the thermal biology of the
pest, such as its thermal thresholds. As such, they help us to understand and predict the
pest’s distribution and population dynamics in plantations according to temperature
(Tonnang et al., 2013; Azrag et al., 2018). Jaramillo et al. (2009) studied the thermal
tolerance of H. hampei at different constant temperatures and provided the thermal
thresholds for all immature stages using a combination of linear regression and the
modified version of the Logan model. On the other hand, Giraldo-Jaramillo et al. (2018)
predicted the minimum temperature thresholds for H. hampei immature stages using
linear model and estimated the number of generations per year for the pest in the State of
Séo Paulo, Brazil. In our study, ILCYM software was used to fit the linear regression and
to select the best nonlinear model from the fifty-eight models used to describe this

relationship in insects (Tonnang et al., 2013).

Linear model well predicted the development rate for all the tested temperatures,
confirming earlier findings for a number of insect species, including H. hampei
(Sporleder et al., 2004; Jaramillo et al., 2009; Azrag et al., 2017). The Logan and five
parameters of the Sharpe and DeMichele models (Logan et al., 1976; Sharpe and
DeMichele, 1977) were the best fitted nonlinear models. The Sharpe and DeMichele

biophysical model have a biological significance in predicting insect development rate
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(Sharpe and DeMichele, 1977). Because it includes thermodynamic parameters
associated with the developmental that is controlled by enzymes, as well as enthalpy of
activation of the development process at minimum, optimum and maximum temperatures
(Sharpe and DeMichele, 1977). In addition, the model can be fitted in different forms
using four, five or six parameters, which make it flexible in fitting different temperature
ranges (Tonnang et al., 2013). On the other hand, the model by Logan et al. (1976) has
restricted number of parameters (four), and it considers enzyme-catalysed biochemical
reactions rate at the optimum temperature. However, apriori, there is no valid reason to

prefer one model over the other until further experimental studies indicate otherwise.

For mortality rate, the best model was that of Wang 2 model (Wang et al., 1982). This
model gave a very good fit to the data over wide range of temperatures (Tonnang et al.,
2013). It showed that, mortalities of immature stages of H. hampei was around 100% at
13°C but, decreased with an increase in temperature, and reached the minimal level at
23°C. Thereafter, the mortality increased again and reached 100% at around 34°C for all
immature stages. This model was previously used to predict the relationship between
temperature and mortality of immature stages for tropical pests such as the mealybug
Phenacoccus solenopsis (Tinsley) (Fand et al., 2014) and the leaf miner Liriomyza

huidobrensis (Blanchard) (Mujica et al., 2017).

Life cycle
The complete life cycle of H. hampei was obtained under constant temperatures between
18 and 30°C, with a total developmental time of about 63 days at 18°C and 18 days at

30°C. The egg incubation period ranged from 4.6-16.9 days under temperature range of
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30-15°C. Our method might have underestimated this by a day less. Jaramillo et al. (2009)
reported an egg incubation period of 4.7-12.0 days under the temperature range 33-20°C
with no oviposition recorded by females at 15°C. Our result at 25°C is similar to that
reported by Brun et al. (1993), who obtained an incubation period of 5 days at the same
temperature for a population reared on an artificial diet. On the other hand, Ruiz et al.
(1996) found an incubation period shorter than ours (3.3 days) at 26°C. The variation in
incubation period between these studies may be linked to the methods used to produce
eggs for the experiments and to the incubation conditions, such as observation settings,

relative humidity and photoperiod, which might have played a role.

For larval stage, development times obtained here are in agreement with findings by
Jaramillo et al. (2009) for all tested temperatures, with the exception of those obtained at
23°C. These authors reported a larval development time of 17 days, which differs from
21 days we reported here. In fact, in our study, only 12 (8.2%) individuals completed
larval stage in 17 days, which the lowest value at 23°C. By contrast, 80% of the
individuals completed this stage between 20 and 23 days. The larva development time
assessed by Chami (2003) at 25°C (28.1 days) was much longer than ours (15.2 days) at
the same temperature. The development time of pupa we obtained at 25°C was similar to

those recorded by Bergamin (1943) and Chami (2003).

Thermal requirements
The minimum temperature thresholds (T;,,;;,) we obtained are similar to those reported by
Giraldo-Jaramillo et al. (2018) who recorded 14.8, 13.4, 14.9 and 13.9°C for the egg,

larva, pupa and egg to adult, respectively. The same was true for those obtained by
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Jaramillo et al. (2009), with the exception of those for the egg stage, for which we found
10.5°C compared to 16.7°C. The thermal constant for the complete development from
egg to adult in our study (312.5 degree days) is also comparable to 299 and 262.5 degree
days reported by Giraldo-Jaramillo et al. (2018) and Jaramillo et al. (2009), respectively.
However, thermal constant in our study was lower compared to 386.9 degree days
reported by Costa et al. (1998). Again, these differences show the impact that
experimental conditions and observation methods on development time. Another
explanation may be the fact that H. hampei individuals used in ohher sudies came from
different regions, with a different climate. We cannot rule out that populations from

different geographical areas have slightly different thermal requirements.

Our models gave a thermal window of 13-32°C for H. hampei to complete its
development from egg to adult. On the other hand, the thermal window for survival
obtained from mortality models are narrower with about 16-30°C, with an optimal
temperature for survival around 23°C. This is in line with other studies that established
that the development rate response of insect is different from survival response due to
some factors such as diet and manipulations that contribute to the mortality rate beside
temperature (Sporleder et al., 2004; Mujica et al., 2017). For example, the survival
response of the whitefly Bemisia tabaci (Gennadius) and the leaf miner L. huidobrensis
(Blanchard) to temperature differed from developmental rate responses, especially in
relation to optimum and extreme minimum and maximum temperature thresholds

(Bonato et al., 2007; Mujica et al., 2017).
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Relationships between thermal requirements and ecological traits

Hypothenemus hampei is a tropical species, which prefers coffee plantations at low
elevation (below 1,300 m asl), where the climate is warm (Jaramillo et al., 2011).
According to our models, constant temperature of 23°C is optimal for the survival of all
immature stages. This temperature matches the mean annual temperatures for elevations
between ~1,100-1,300 m asl, where H. hampei causes the highest damage to Arabica
coffee in east Africa (Jaramillo et al., 2011). In other parts of the world, like in Latin
America, the pest causes important damage to Arabica coffee even when it is grown at
elevations as low as 500 m asl. At these elevations however, the highest infestations are
reported in shaded plantations, where temperature is in the range of 15-30°C and does not
reach extreme values like those in full-sun coffee (Marifio et al., 2016). According to
Mendesil et al. (2004), all immature life stages of H. hampei were found throughout the
year on coffee grown on the Ethiopian highlands at elevations between 1,200 and 1,770
m asl, either in berries on the trees, or in the berries fallen on the ground. These reports
suggest good adaptive capacities to various temperature conditions in H. hampei that may

be considered in further studies of the pest thermal biology.

Conclusions

In conclusion, we developed an observation method that allowed the monitoring of
development of the same individuals of H. hampei from egg to adult. The models
presented here gave good predictions for immature stage development and survival
according to temperature. Models also provided thermal requirements for immature stage

development. With incorporation of oviposition model and validation under fluctuating
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temperature, this will help understand the distribution of H. hampei in coffee production
areas and predict the potential impact of climate change on the future distribution and

abundance of this major pest of coffee.
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CHAPTER THREE

Modelling the impact of temperature on the demographic parameters
of the African coffee white stem borer, Monochamus leuconotus

(Pascoe) (Coleoptera: Cerambycidae)

Abstract

The African coffee white stem borer Monochamus leuconotus (Pascoe) (Coleoptera:
Cerambycidae) is a destructive insect pest of Arabica coffee trees in African highlands.
Our study aims to provide preliminary information on the pest biology as influenced by
temperature, determine thermal thresholds, and provide life table parameters for M.
leuconotus reared in the laboratory. The life cycle of M. leuconotus was studied at seven
constant temperatures in the range 15-35°C, with 80 + 5% RH and a photoperiod of L:D
12:12. Linear and nonlinear models were fitted to laboratory data to describe the impact
of temperature on M. leuconotus development, mortality, fecundity and senescence. The
complete life cycle was obtained between 18 and 30°C, with egg incubation period
ranging 10.8-29.2 days. Larval development time was the longest with 194.2 days at 30°C
and 543.1 days at 18°C. The minimum temperature threshold (7,,;,) was estimated at
10.7, 10.0 and 11.5°C, for egg, larva and pupa, respectively. The maximum temperature
threshold (T,,4,) Was estimated at 37.4, 40.6 and 40.0°C for egg, larva and pupa,
respectively. The optimum temperature for immature stages’ survival was estimated
between 23.0 and 23.9°C. The highest fecundity was 97.8 eggs per female at 23°C.
Simulated life table parameters showed the highest net reproductive rate (Ro) of 11.8
daughters per female at 26°C and maximal intrinsic rate of increase (rm) between 26 and
28°C, with a value of 0.008. Our results will help understand M. leuconotus biology and
may be used to predict the distribution and risk under climate change for this critical

coffee pest.

Keywords: Coffea arabica, life cycle modelling, development time, life table

parameters.
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Introduction

The long-horned beetles under genus Monochamus contain approximately 150 species,
most of them being important pests of agriculture and forestry, as well as vectors of
diseases (Naves et al., 2008). The African coffee white stem borer, Monochamus
leuconotus (Pascoe) (Coleoptera: Cerambycidae) is one of the most dangerous insect
pests of Arabica coffee in Africa (Gichuhi et al., 2017; Liebig et al., 2018), with a
distribution in western, eastern, central and southern parts of the continent (Schoeman et
al., 1998; Rutherford and Phiri, 2006; Egonyu et al., 2015). It was first reported in the
1860s in south Africa, and then in the 1930s in eastern Africa (Kenya), attacking Arabica
coffee at elevations below 1,600 m asl (Knight, 1939; Tapley, 1960; Schoeman et al.,
1998). Currently, M. leuconotus is ranked as the most or the second most important pest
of Arabica coffee after the coffee berry borer Hypothenemus hampei (Ferrari) in several
countries including Tanzania, Uganda, Malawi and Zimbabwe, where infestation rates in
farms are reported to be between 70 and 90% (Erbaugh et al., 2008; ICC, 2008; Egonyu

etal., 2015).

Eggs of M. leuconotus are inserted by the reproductive females in the bark of coffee stems
or main branches. The young larva feeds on the bark of the coffee trees damaging phloem,
while older larvae bore galleries into the wood. Ring-barking and wood tunnelling disrupt
sap flow leading to significant damages including yellowing of the leaves, stunted growth
and dieback of coffee trees (Jonsson et al., 2015). Also, adult feeding causes damage to
the buds, shoots, stem bark and skin of the green berries. Younger trees are more
susceptible to M. leuconotus infestation, and trees less than three years old are often

killed, while older ones can survive but become less productive (Jonsson et al., 2015). In
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sub-Saharan Africa, global production loss due to M. leuconotus is estimated at 25%

(Schoeman et al., 1995; Gichuhi et al., 2017).

Infested trees can be detected by ring-barking, the presence of frass on the stem due to
larva feeding and exit holes about 1cm in diameter drilled by adult beetles as they exit
the wood. Traditional control methods are still used by farmers to control the pest; they
include cutting the infested stems, driving a wire into the galleries to kill the larvae and
pupae, picking the adults and covering coffee tree stem with banana leaves to avoid
oviposition by females (McNutt, 1975; Rutherford and Phiri, 2006). These methods are
not effective enough and the dearth of knowledge on the biology and physiology of M.
leuconotus makes it difficult to develop effective management strategies. Organochlorine
insecticides such as endosulfan®, aldrin® and dieldrin® have been used in the past to
control M. leuconotus. However, these chemicals today are banned entirely due to their
toxicity, slow degradation in the environment and bioaccumulation (ICC, 2008; Jayaraj
et al., 2016). A recent study in Uganda by Egonyu et al. (2015) showed that Arabica
coffee variety KP423 was less susceptible to M. leuconotus infestation compared to other

varieties such as KP162 and SL28.

Despite the importance of M. leuconotus in coffee production, little is known about its
biology and physiology. This is mainly attributed to the fact that M. leuconotus spends
the major part of its life (up to 2 years) inside the coffee wood, which makes it difficult
to study its biology, especially under controlled conditions. Tapley (1960) reported a
complete life cycle of 24 months under field conditions. Similarly, Schoeman et al. (1998)
recorded a duration of 18 to 24 months in infested coffee logs kept in the laboratory. A

recent study by Gichuhi et al. (2017) reported a complete life cycle of about 14 months
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at 25°C, with a mean fecundity of 40 eggs per female, when the pest was reared on an

artificial diet in the laboratory.

Nevertheless, the relationship between temperature and M. leuconotus life history has not
been elucidated, as well as its thermal thresholds (minimum, optimum, and maximum
temperatures) are still unknown. Besides, the demographic parameters such as net
reproductive rate (Ro) and the intrinsic rate of increase (rm), which indicate the population
growth rate are still acking. Modeling the impact of temperature on M. leuconotus
development and providing the pest thermal requirements will help predict the most
suitable areas for the pest establishment in the context of global warming (Régniére et al.,
2012). This will help coffee industry stakeholders adapt management strategies to
changes in the pest distribution to prevent crop losses in the future. Therefore, in this
chapter, we conducted a complete life table trial at seven constant temperatures (15—
35°C) in order to provide the thermal requirements for the development, survival and
fecundity of a rearing population of M. leuconotus using linear and nonlinear models.
Furthermore, a compilation of the models was used to simulate the life table parameters

of the rearing population under different temperature regimes.

Materials and methods

Colony initiation and egg production

Insects used for this study were obtained from a colony maintained by Gichuhi et al.
(2017) in the coffee laboratory of the International Centre of Insect Physiology and

Ecology (icipe), Nairobi, Kenya. The authors initiated M. leuconotus colony with larvae
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and pupae extracted from infested coffee stems obtained from coffee farms located on
Mt. Kilimanjaro, Tanzania, and reared at 25°C £ 0.5°C, RH 80 + 5% using an artificial
diet (see Gichuhi et al., 2017 for the details). In the present study, eggs were obtained
from the mated adults (20 males and 30 females) of the first laboratory generation reared
by Gichuhi et al. (2017). These adults emerged in two groups; the first group (A)
consisted of 12 males and 16 females, while adults of the second group (B) that emerged
three months after adults of the first group in average consisted of 8 males and 14 females.
Adults from group A were introduced into four Plexiglas cages (50 cm long, 40 cm large
and 80 cm high), with in each cage 3 males and 4 females. Adults from group B were
introduced in 4 cages, with in each cage 2 males and 3 or 4 females. Each cage had 6
freshly cut coffee sticks (50 cm long) as support for adults feeding and egg laying (eggs
are inserted in the bark). The coffee sticks were slightly buried in a container with moist
soil to avoid drying. Wet cotton bolls were provided in the container as a water source.
The sticks were removed every 24 h from Plexiglas cages to extract the eggs and

thereafter replaced with new ones.

Immature stages development and survival

Freshly laid eggs of < 24 h old were carefully extracted from the sticks by cutting the
bark around the eggs using a sharp scalpel blade, in such a way that eggs were still
wrapped in a fine layer of phloem and wood. The extracted parts with eggs were
introduced individually into small plastic containers (3.5 cm depth x 3.9 cm diameter),
lined with wet cotton wool covered with a fine layer of sand and a paper towel at the top
in order to maintain high humidity in the container. The extracted part was placed on the

paper towel, and containers closed with lids containing windows made of fine muslin
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cloth (0.1 um) for ventilation. The containers were kept for five days in incubators
(SANYO MIR-553 and MIR-554, Sanyo Electrical Ltd., Tokyo, Japan) set at the
following seven constant temperatures:15, 18, 20, 23, 25, 30 and 35°C (+ 0.5°C), with
RH 80 + 5%, and photoperiod 12:12 L:D. After this period, the phloem got dry and it was
carefully separated from the wood, in order to facilitate egg observation. Eggs were
observed daily for 60 days to monitor the incubation period. After egg hatching, the
neonate larvae were carefully removed with a fine camel hair brush and transferred into
plastic containers (3.5 cm depth x 3.9 cm diameter) containing an artificial diet, the recipe
of which was given in Gichuhi et al. (2017). The eggs that did not hatch were observed
for an additional two months, after which they were recorded as dead. We kept the
neonate larvae individually to avoid cannibalism, and the diet was changed monthly.
Three months after hatching, the larvae were transferred into bigger plastic containers
(11.5 cm wide, 6.5 cm deep) with a ~2 cm layer of artificial diet. The individuals were
checked daily to monitor the moult to pupa stage as well as mortality. After pupation, the
pupae were placed in a plastic container of the same size lined with a paper towel and

monitored daily until adults emerged.

Reproduction and adult longevity

After emergence, adults were placed individually in plastic containers (11.5 cm wide, 6.5
cm deep) with coffee leaves and twigs as food, for the period of physiological and sexual
maturation, as described by Gichuhi et al. (2017). Once the female began to feed, i.e. after
four weeks in average, it was introduced into polyethylene terephthalate bottles (2 litters
in volume) with a male for mating. The bottles were cut from the top and then covered

with a fine muslin cloth (0.1 um) fixed with a rubber band to keep the adults inside. The
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bottles contained freshly cut coffee sticks (25 cm long) for feeding and egg laying that
were slightly buried in moist soil. The sticks were checked daily to record the number of
eggs laid by each female. The sticks were changed every three days, and survival of both

males and females were monitored and recorded to assess longevity.

Model development

Modelling software

The Insect Life Cycle Modeling software (ILCYM version 3.0) (Tonnang et al., 2013)
was used to model M. leuconotus development as influenced by temperature. ILCYM is
an open source software built on two computer programs, Java and R (R Core Team,
2012). The software allows the modelling of the impact of temperature on immature
stages’ development and survival, and female longevity and fecundity, by fitting several
non-linear functions. The best-fitted model is selected based on the coefficient of

determination (R?) and Akaike’s Information Criterion (AIC) (Tonnang et al., 2013).

Development time for immature stages and adult longevity

Due to the skewness in the distribution of insects’ development time, the development
times of M. leuconotus immature stages and adult longevity at different constant
temperatures were first normalised and then fitted to a probability frequency distribution.
The cumulative frequency was plotted against In-transformed development time in
parallel lines, by fitting logit function for egg, larva, pupa and the adult male. The
complementary log-log (CLL) function gave a better fit for the adult female longevity.

The mathematical expressions of these functions are given below:
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Logit distribution function: f(x) = 1/(1 + exp(—(a; + blnx)))
CLL distribution function: f(x) = 1 — exp (— exp(a; + blnx))

where f(x) is the probability density of the life stage to complete its development at
normalised time x, Inx is the natural logarithm of the observed development times (in
days), a; is the intercept corresponding to temperature i and b is the common slope of the
model (Tonnang et al., 2013).

Development rate for immature stages

Both linear and nonlinear models were used to predict the impact of temperature on the
development rate for the immature stages of M. leuconotus. In the first step, the
development rate of each immature stage was calculated by inverting the median
development time (1/ median development time), and then plotted against temperature.
Afterwards, a linear model was fitted to the development rate data to determine its
relationship with temperature. Using parameters of the linear model, the minimum
temperature threshold (7. ) and the thermal constant (k) which is represented in degree
days (DD) were estimated as follow:

Linear model: (T) = a + bT

Minimum temperature threshold: T,,;, = —a/b

Thermal constant: k = 1/b

where, r(T) is the development rate at temperature T, a and b are the intercept and slope
of the regression model, respectively, T,,;, is the minimum temperature threshold, and k

is the thermal constant.
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However, the linear model cannot correctly predict the impact of temperature on
development rate at extreme temperatures due to the nonlinearity of the points. Hence,
several nonlinear models were fitted to the data in order to elucidate the impact of extreme
temperatures on immature development rate. The best fitted nonlinear model was selected
based on the selection criteria (R? and AIC). Among the fifty-nine models that were fitted
to the data, Logan model (Logan et al., 1976) was the best for all immature stages

development rates. The mathematical equation for the model is given below:

Logan model: r(T) = ¥ {exp(pT) — exp(p Thmax — M) }
Where r(T) is the development rate at temperature T; Y, p, T, and v are parameters

from the Logan model (Logan et al., 1976).

Mortality rate for immature stages

The mortality rate was calculated for each immature stage at each constant temperature
and fitted to forty-five nonlinear models that are embedded in ILCYM. Based on R2 and
AIC, Wang 1 model (Wang et al., 1982) gave the best prediction for the mortality rates
for both egg and pupa. The polynomial function 4 gave the best fit to describe the impact
of temperature on larval mortality. The mathematical equations of the models are given

below:

1

o ( (1 sn (- T522)) e (14 (- 2 T))

Wang 1 model: m (T) =1 —

Polynomial function 4: m(T) = exp (b; + by, X T + b34/T)
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Where, m(T) is the mortality rate at temperature T; T,,., B and H are Wang 1 model

parameters; and b,, b, and b are polynomial function parameters (Tonnang et al., 2013).

Female fecundity and adult senescence

An exponential modified 1 model described age-specific fecundity, which refers to the
cumulative proportion of egg production in relation to age of the females. The cumulative
oviposition rate was plotted against normalised female age expressed as a ratio of age in
days divided by median survival time. Age specific fecundity was computed using the

formula;

f(x)=1—exp —(aT + bT? + cT?)

Where, f(x) is the cumulative oviposition frequency at the normalised female age x; T

is temperature; a, b and c are the model parameters (Tonnang et al., 2013).

The mean oviposition rate per female was calculated for each temperature regime as the
total number of eggs laid by the females divided by the total number of females. Then,
the below exponential polynomial function 12 was fitted to describe the relationship

between temperature and oviposition:

f(T) = exp (b; + b,T + b3 log(T))
Where, f(T) is the mean female fecundity at temperature T; b,, b, and b5 are the model
parameters (Tonnang et al., 2013).

Senescence is a decline in organism’s fitness due to ageing, and it is used to assess

demographic parameters such as longevity and fecundity (Boggs, 2009). In ILCYM, the
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terminology senescence is used for the adults rather than mortality to differentiate it from
immature stage mortality (Tonnang et al., 2013). The adult senescence was calculated as
the inverse of median longevity for both sexes (male and female) at each constant
temperature, and then plotted against temperature. Afterwards, Stinner 4 model (Stinner
et al., 1974) was fitted to describe the relationship between temperature and female
senescence. On the other hand, Hilber and Logan 3 model gave the best fit for the male
senescence. The following mathematical expressions were used:

Gy C;

' 4 l: s(T) =
Stinner 4 model: s(T) 1T exptk, 11T + 1+ exp(k, + k2T, —T))

T =T, T —(T—-T..;
Hilber and Logan 3: s(T) = ‘{J< ( min) (T = C mm))) 40

(T - Tmin)2 +D Dt

Where, s(T) is the senescence rate at temperature T; Cy, C,, k4, k, and T, are Stinner 4
model parameters; ¥, Tpuin, Tmax, D, Dt and 0 are Hilbert and Logan 3 model parameters

(Tonnang et al., 2013).

Simulation of life table parameters

All models used here to predict the impact of temperature on demographic parameters of
M. leuconotus were compiled and used to simulate the life table parameters at different
constant temperatures. Stochastic simulation (Curry et al., 1978) was used in ILCYM to
estimate life table parameters, viz. 1) the intrinsic rate of natural increase (rm) that
determine the ability of a population to grow under specific ecological conditions, 2) the
gross reproductive rate (GRR), which is known as the average number of daughters

produced by a female throughout her lifespan, 3) the net reproductive rate (Ro), which is
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similar to GRR but, takes into account the mortality rate of immature stages, 4) the mean
generation time (T), which is the average time between the birth of parents and that of
offspring, 5) doubling time (Dt), which is the time required for the population to double
in size. Before the simulations, the sex ratio of 0.5 was determined in ILCYM for all the
temperatures (Tapley, 1960; Schoeman et al., 1998; Gichuhi et al., 2017). The initial
number of individuals used for the simulation was 150 at the egg stage, and the simulation
was conducted for thirteen constant temperatures, from 20 to 32°C, with 1°C interval.
The simulation was replicated three times and for each temperature bringing the number
of runs to 450 individuals at egg stage. This was sought to determine the thermal limits
of M. leuconotus population growth and to establish how an increase in temperature by

1°C can affect life table parameters of M. leuconotus.

Statistical analyses

The effect of temperature on M. leuconotus immature stages developmental time (in days)
and adult longevity (in days) were separately submitted to the Generalised Linear Model
(GLM) with a Poisson distribution in R (R Core Team, 2016), as recommended by
O’Hara and Kotze (2010). Once significant differences were detected, the means were
separated using Tukey test at o = 0.05. On the other hand, the life table parameters
(intrinsic rate of increase, gross reproduction rate, net reproduction rate, mean generation
time, doubling time, and the finite rate of increase) obtained from the simulations were
also separately subjected to an analysis of variance (ANOVA) in R (R Core Team, 2016).
Each life table parameter was set as the dependent variable, with the temperature being

the independent variable.
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Results

Development time of immature stages and adult longevity

Mean development times of immature stages and adult longevity at each constant
temperature are shown in Table 3.1. Temperature had a significant effect on development
times and adult longevity of M. leuconotus (P < 0.0001) (Table 3.1). However, there was
no significant difference between development times at 23 and 25°C, for all immature
stages. Eggs successfully developed to the larval stage at all tested temperatures (in the
range 15-35°C), with an incubation period ranging from 10.8 + 2.4 to 44.8 = 6.3 days
(mean % SD) and significantly impacted by temperature (x> = 378.05, df = 371, P <
0.0001) (Table 3.1). Among immature stages, larvae had the longest development time
with arange of 194.2 + 25.7 to 543.1 + 113.1 days in the temperature range 18-30°C. The
longest mean development time for the pupal stage was 48.6 = 8.1 days at 18°C, while
the shortest was 17.7 + 2.7 days at 30°C. Average female longevity was the longest at
20°C with 168.3 £ 58.2 days, compared to 116.0 + 49.9 days for the male at 25°C. The
frequency distribution of development times for egg, larva, pupa and the adult male was
well described by a logit model (R? = 0.94-0.98, AIC = 455.3-1189.2) (Table 3.2).
However, the frequency distribution of female longevity fitted a CLL distribution (larva:

R2 = 0.91, AIC = 643.3) (Table 3.2).
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Table 3.1 Observed mean development times (in days + SD) of immature stages and adult longevity of Monochamus leuconotus

reared at different constant temperatures in the laboratory. N is the total number of eggs used for the experiment at each constant

temperature, and n is the number of each life stage used to calculate the mean at each constant temperature.

Temp

Immature stage development time (days)

Adult longevity (days)

co N
n Egg n Larva n Pupa n Female n Male
15 50 30 4480+6.31a 30 - - - -
18 76 63 29.17+6.50b 22 543.05+113.10a 15 48.60+8.08a 8 154.00 + 31.01a 7 38.57+15.12a
20 100 71 2237+£6.52c 42 408.48 +108.45b 35 4150+8.23b 18 168.28+58.15a 17 94.31 +64.96b
23 85 72 1588+1.77d 39 292.89+49.67c 37 29.08+4.39c 16 135.63+27.34b 21 99.23+60.00c
25 81 67 1428+4.11d 42 28586+46.96c 35 26.03+4.21cd 17 11353+31.49c 18 116.00+49.99d
30 92 61 10.77+243e 27 19415+ 25.66e 19 17.68+2.67e 10 79.00 + 18.44d 9 85.00+3142e
35 53 14 12.71+£181de 14 - - - -
v 378.05 172.15 125.17 68.11 64.56
df 371 167 136 64 66
P-value < 0.0001 < 0.0001 < 0.0001 < 0.0001 <0.0001

Means in each column followed by the same letter are not significantly different (Tukey’s HSD, P = 0.05).
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Table 3.2 Statitics of goodness of fit and parameters estimated for logit and complementary log-log (CLL) functions (a = y-intercept, b

= common slope), fitted to cumulated frequency distributions of development times of immature stages and adult longevity of

Monochamus leuconotus reared at different constant temperatures in the laboratory.

Model parameters

Immature stage development time

Adult longevity

(mean + SE)

Temperature (°C) Egg Larva Pupa Female Male

15 -26.15 + 0.59 - - - -

18 -23.12+051 -52.86+1.04 -39.04+098 -2254+0.66 -10.42+0.32

20 -21.24+0.48 -5056+0.99 -37.47+093 -23.48+0.69 -12.28+0.37
Intercept (a) at: 23 -18.82+0.43 -4762+094 -33.89+0.85 -22.07+0.65 -13.13+0.40

25 -18.04+0.41 -4759+094 -32.73+0.82 -21.20+0.62 -13.67%+041

30 -16.07+0.37 -4423+0.87 -2890+0.73 -19.47+0.57 -12.81+0.39

35 -18.05 + 0.42 - - - -

Slope (b) 6.95+0.15 8.43+0.17 10.17 £ 0.25 4.45+0.13 2.96 £ 0.09
R2 0.94 0.95 0.98 0.91 94
AIC 949.06 1189.20 455.26 643.32 548.99
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Development rate of immature stages

Minimum temperature thresholds for development were estimated from the linear models
fitted to the relationship between development rate and temperature (Figure 3.1) at 10.7,
10.0 and 11.5°C, for egg, larva and pupa, respectively, with thermal constants of 192.3,
3333.3, and 322.6 degree days, respectively. The model gave a good fit with R2 ranging
between 0.97 and 0.99, and AIC between —66.39 and —46.85. The Logan model gave the
best fit for the relationship between development rate and temperature for all immature
stages of M. leuconotus (R? = 0.92-0.99; AIC between —56.06 and —29.70) (Figure 3.1;
Table 3.3). The maximum temperature threshold for egg, larva and pupa development
was estimated from the model at 37.4, 40.6 and 41.0°C, respectively. (Figure 3.1; Table

3.3).
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Figure 3.1 Model fitting to the relationship between development rate of Monochamus
leuconotus immature stages and temperature, with: A) egg; B) larva and C) pupa. The
blue points are the observed values with bars representing the standard deviation. Fitted
models are the dashed straight lines for linear model and solid lines for the Logan model
(egg) and Sharpe and DeMichele 3 and 2 models (larva and pupa). Dashed lines in blue

above and below represent the upper and lower 95% confidence interval.
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Table 3.3 Statistics of goodness of fit and parameters of models fitted to the relationship between development rate of Monochamus
leuconotus immature stages and temperature, F: F-test statistic, df.. degree of freedom, p: probability value, R2: coefficient of

determination, and AIC: Akaike’s Information Criterion.

Statistics
Life stage Model mane Model parameters (+ SE) E df P R2 AlC
Y 0.012 + 0.002
Egg Tmax 37428 +0.001 124.62 3,3  0.001 0.99 -56.06
p 0.158 + 2.440
v 5.961 + 0.020
Y 0.0004 + 0.000
Logan Trnax 40.643 +0.026
Larva g ) oi29s000 4219 311 <0001 092  -50.31
v 6.356 + 0.144
Y 0.003 + 0.001
Pupa Tmax 4101+ 0.009 88.85 3,11 <0.001  0.96 —29.70
p 0.122 + 0.000
v 5.672 +0.207
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Mortality rate of immature stages

Temperature had a significant effect on the mortality rate of M. leuconotus immature
stages (P < 0.05) (Figure 3.2; Table 3.4). The temperature-dependent mortality of egg
and pupa stage were well described by the Wang 1 model (R?> = 0.91-0.93 and AIC
between —13.04 and —13.76). A polynomial function 4 gave the best fit for the larva stage
(R? = 0.97 and AIC = —16.92) (Figure 3.2; Table 3.4). Optimum temperature for the
survival of M. leuconotus immature stages was estimated between 23.0 and 23.9°C from
the models. The larva stage did not survive at 15 and 35°C (Figure 3.2B). The larva stage
showed the highest mortality at all temperatures with 100, 65, 40, 45, 39, 54 and 100%

at constant temperatures of 15, 18, 20, 23, 25, 30 and 35°C, respectively.
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Figure 3.2 Model fitting to the relationship between the mortality rate of Monochamus
leuconotus immature stages and temperature, with: A) egg; B) larva and C) pupa. The
blue points are the observed values. The solid red lines are the fitted models, Wang 1
model for egg and pupa, and exponential polynomial function 4 for larva. Dashed lines

in blue above and below represent the upper and lower 95% confidence interval.
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Table 3.4 Statistics of goodness of fit and parameters of models fitted to the relationship between the mortality rate of Monochamus
leuconotus immature stages and temperature. F: F-test statistic, df: degree of freedom, p: probability value, Rz coefficient of

determination, and AIC: Akaike’s Information Criterion.

Statistics
Life stage Model mane Model paiag]éters
(mean + SE) F df P Rz AIC
Topt 23.019 + 0.607
Egg Wang 1 B 3.588 £ 0.421 27.072 2,4 0.005 093 -13.76
H 0.044 = 0.009
b, 19.668 + 1.748
Larva Exponential polynomial function 4 b, 0.857 +0.075 69.710 2,4 <0.001 097 -16.92
b, -8.393 £ 0.733
Topt 23.972 +0.326
Pupa Wang 1 B 2.337£0.374 11.433 2,2 0.050 091 -13.04
H 0.026 + 0.008
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Female fecundity and adult senescence

Temperature significantly influenced female fecundity in M. leuconotus (Figure 3.3;
Table 3.5) with the exponential modified 1 model giving the best fit to the age-specific
cumulative oviposition rate, with R? = 0.97 and ACl= —2752.9 (Figure 3.3A; Table 3.5).
The lowest mean fecundity was 38.7 eggs per female at 30°C, while the highest was 97.81
eggs per female at 23°C (Figure 3.3B). The exponential polynomial function 12 gave the
best fit to the relationship between M. leuconotus female fecundity and temperature (R?
=0.96 and ACI= 36.68) (Figure 3.3B; Table 3.5). The model showed that females of M.
leuconotus might be able to lay eggs under temperatures between 11 and 40°C, with a
maximum fecundity at around 23°C (Figure 3.3B; Table 3.5). The adult senescence of
both male and female was significantly affected by temperature (P < 0.05). The Stinner
4 model described the impact of temperature on M. leuconotus female senescence with
R? = 0.78 and AIC= —33.53 (Figure 3.3C; Table 3.5), while Hilber and Logan 3 model

was best fit to the male senescence R? = 0.71 and AIC=—20.42 (Figure 3.3D; Table 3.5).
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Figure 3.3 Model fitting to the relationship between fecundity of Monochamus
leuconotus female and temperature, and adult senescence with temperature with: A)
cumulative oviposition fitted to exponential modified 1 model; B) average fecundity of
the females fitted to exponential polynomial function 12; C) female senescence rates
fitted to Stinner 4 model and D) male senescence rates fitted to Hilbert and Logan 3
model. The blue points are the observed values with bars representing the standard
deviation. The solid red lines are the fitted models with dashed lines in blue above and

below representing the upper and lower 95% confidence interval.
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Table 3.5 Statistics of goodness of fit and parameters of models fitted to describe the relationship between Monochamus leuconotus

cumulative oviposition, total oviposition and adult senescence and temperature F: F-test statistic, df: degree of freedom, p: probability

value, R%: coefficient of determination, and AIC: Akaike’s Information Criterion.

. Statistics
Demographic parameters Model name Model parameters
F df. P R2 AIC
a -0.243 £ 0.050
Relative oviposition Exponential modified 1 b 2.451 +£0.177 17360.0 2,818 <0.001 0.97 -2410.9
c -0.120 £ 0.143
b, -43.639 + 8.285
Total oviposition Exponential polynomial function 12 b, -1.004 £0.173 25.13 2,2 0.038 096  36.68
b, 22.733 £ 3.913
(o 4.036 + 0.628
C, 0.084 + 0.052
Female senescence Stinner 4 ky 4.826 £ 0.292 8.86 4,10 0.002 0.78 —33.53
k., 0.129 + 3.065
T, 2.792 £ 0.02
Y 994025.5 + 0.000
Tin  25.899 + 0.564
Male senescence Hilbert and Logan 3 Tmax 38.567%0.000 4.39 59 0.026 071 -20.42
D 3134208079 0.00
Dt 0.017 £ 0.000
0 0.008 + 0.002




Life table parameters

Temperature had a significant effect on the simulated life table parameters of M. leuconotus
(P < 0.0001) (Table 3.6). The intrinsic rate of natural increase rm was maximal between 26
and 28°C, with a value of 0.008, and negative at 20, 21 and 32°C. The highest GRR was at
27°C, with 40.9 daughters per female, while the lowest was at 20°C, with 0.58 daughters per
female. The net reproductive rate R, ranged from 0.05 daughters per female per generation at
20°C, to 11.8 daughters per female per generation at 26°C. The mean generation time T
decreases with an increase in temperature with the longest time (363 days) at 20°C, and
shortest (223.9 days) at 32°C. The time required for the population to double (D:) was maximal
at 22°C, with 245.4 days and minimal at 27°C, with 82.8 days. The highest finite rate of
increase A was at temperatures between 26 and 28°C, with a value of 1.008, while the shortest

was 22°C, with a value of 1.003 (Table 3.6).
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Table 3.6 Simulated life table parameters (£ SD) of Monochamus leuconotus at different constant temperatures (number of eggs used

for the simulation = 150). rm: intrinsic rate of natural increase GRR: gross reproduction rate, Ro: net reproduction rate, T: mean generation

time, Dy: doubling time, and /: finite rate of increase.

Temeerature o GRR R, T Dt A

(°C)

20 -0.008 +£0.001  0.58+0.44  0.05+0.02  363.01+0.99 - -

21 -0.001 £0.002  2.30+0.97 0.86+0.42  352.51 +1.06 - -

22 0.002 +0.001 5.07 £ 3.05 231+139  34254+£9.70 24536+98.48 1.003+0.001
23 0.005+0.000 9.95+0.98  496+0.32 333.85+892 14486+9.26 1.0050.000
24 0.007+0.001 20.26+2.14 941+220  321.57+4.54 100.79+8.64  1.007 +0.001
25 0.007+0.001 26.32+4.71 1059+175 315.36+2.69 93.41+7.87  1.007+0.001
26 0.008+0.001 34.60+859 11.81+250 308.64+11.34 87.95+11.68 1.008+0.001
27 0.008+0.000 4091+3.96 11.16+235 28519+1189 8281+496  1.008+0.000
28 0.008+0.001 3579+1289 8.23+3.16 256.33+32.89 87.21+11.67 1.008+0.001
29 0.007+0.000 40.57+1457 6.69+1.04  264.21+4.42 97.13+6.60  1.007 +£0.000
30 0.004 +0.002 25.38+9.04 315136  254.15+279 197.24+112.61 1.004+0.002
31 0.001+£0.000 1592+438 1.15+0.01 237.95+1.74 - -

32 -0.004 £0.004  8.67 £8.90 056+042 223.90+18.71 - -

F 41.01 12.09 20.06 42.01 59.24 12.96

df 12,25 12,25 12,25 12,25 9,17 9,17

P <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
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Discussion

Colony initiation and rearing method

In this study, we provided the first description of the impact of different constant
temperatures on the development, survival and reproduction in M. leuconotus. Previous
studies on the basic biology of this important pest were either carried out on coffee trees
in the field (Knight, 1939; Tapley, 1960) or in the laboratory with observing immature
development in coffee wood (Schoeman et al., 1998). However, Gichuhi et al. (2017)
provided an innovative method for studying the biology of M. leuconotus by developing
an artificial diet for the larva and provided necessary information on its biology when
reared at 25°C. In our study, we used the first generation of M. leuconotus obtained by
Gichuhi et al. (2017) as a colony. Using the rearing method of the same authors, we
obtained a complete life cycle and fecundity for the second generation of M. leuconotus
at five constant temperatures. Then, we provided the thermal requirements by calculating
the minimum and maximum temperature thresholds and computed the life table

parameters that describe the population growth rate of M. leuconotus for the first time.

Here, we improved the method used to observe M. leuconotus immature stages, starting
from the incubation of eggs. Our method allowed us to easily extract eggs from the bark
and visually observe them throughout the incubation period. In addition, we increased the
overall egg hatchability by 47% which is more than 1-fold, compared to that obtained by
Gichuhi et al. (2017). We also used polyethylene bottles (volume 2 L) and coffee sticks
for the adults feeding and fecundity assessment. The advantages of this method are: the

bottles are not expensive and small in size, which makes it easy to store many in
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incubators. It also allows following daily fecundity of each female separately by coupling

the male and female in one bottle.

Development of immature stages

Egg incubation period ranged from 10.8 to 44.8 days under temperatures ranging 15-
30°C. Qur result at 25°C (14.3 days) was in line with that of Schoeman et al. (1998), who
obtained an incubation period of 15 days at a temperature of 26 + 2°C. However, it was
different from those of Tapley (1960) and Gichuhi et al. (2017), who obtained 21-23 days
under field conditions, and 26.6 days at 25°C, respectively. This variation may be due to
our observation method, where we used moist sand to maintain egg with high moisture.
It has been reported that the moisture level in plant tissues is a crucial factor that
determines Cerambycid egg hatchability (Hanks, 1999). This was confirmed by our study
that showed egg hatchability of M. leuconotus increased to 86%, compared to that of
Gichuhi et al. (2017) who obtained 39%. The development time of the larval stage was
highly variable in our study, even for the individuals reared in the same conditions. For
example, the duration of the larval stage ranged 330-751 days at 18°C, 209-609 days at
23°C and 169-346 days at 25°C. Similar variation was observed by Gichuhi et al. (2017)
for the first generation of M. leuconotus reared on artificial diet. The variation can be
explained by the fact that M. leuconotus adults have two emerging patterns in the year
(March to May, and September to November), which are linked to the two rainfall seasons
in East Africa (Tapley, 1960; Schoeman et al., 1998; Liebig et al., 2018). Therefore, the

variation in the larval development may be an adaptation to avoid the emergence of all
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the adult population at the same time in the year in order to limit the risk of failing

reproduction due to sub-optimal environmental conditions.

The average development time for the larva stages ranged from 194.2 to 543.1 days for
all temperature regimes we tested. This was shorter than the report of Tapley (1960), who
reported 600 days when the larva was reared on coffee wood. The difference between the
two studies may be explained by the use of an artificial diet that might have accelerated
larval development as a result of better nutritional properties in comparison to coffee
wood which contain less nutrients (Gichuhi et al., 2017). However, the development time
of the pupa we obtained at 25°C was similar to those of Schoeman et al. (1998) and

Gichuhi et al. (2017).

Thermal thresholds

Here, we provide a comprehensive overview of the relationship between temperature,
development and survival of M. leuconotus. The minimum temperature thresholds (T,i»)
for the immature development rate ranged between 10.0 and 11.5°C. At 35°C, we had a
few larvae (14), as most of them had died at the earlier stages due to the quick dryness of
the diet. Therefore, 35°C might not be the maximum temperature threshold for the larval
development. Logan model predicted the maximum temperature thresholds at 37.7, 40.6,
and 41.0°C, for M. leuconotus egg, larva and pupa development rates, respectively. The
same model has estimated the maximum threshold for another tropical species, the
diamondback moth, Plutella xylostella L. in Kenya at 40.6, 40.7 and 38°C, for egg, larva,
and pupa, respectively, with a larger thermal window similar to M. leuconotus immature

stages (Ngowi et al., 2017). We found larvae to be more susceptible to the temperature in
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comparison to other life stages with a mortality rate between 39 and 100% at all tested
temperatures. Also, we observed that some larvae were deformed when they stopped
feeding for the pupation, as well as pupae when they were emerging to adults at all
temperatures. Although this was in contrast to early reports by Gichuhi et al. (2017), who
obtained 10% mortality of M. leuconotus larvae at 25°C. We think that these observations
might be attributed to the inbreeding in the colony since there were no additional

individuals added from the field.

Oviposition

Gichuhi et al. (2017) reported that M. leuconotus adults, especially females, need
approximately one month post eclosion to be physiologically and sexually mature, which
was confirmed by our study. However, one of the behaviours we observed is that, when
we coupled sexually immature females with mature males, they show aggression by
fighting each other inside the container and ended up with cuts off female's antennae
and/or legs. This behaviour may be explained by the fact that males were mainly focused
on mating, while females were not ready, confusing the males that might have taken
immature females as competitor males. The mean number of eggs laid by a female was
variable according to temperature, with an average of 97.8 eggs at 23°C, and 38.7 eggs
at 30°C. However, at 25°C (77.9 eggs) oviposition was twice higher than that of Knight
(21939) and Gichuhi et al. (2017), who reported an average of 40 eggs per female. Our
results are more in line with the report of Schoeman et al. (1998), who obtained an average
of 80.5 eggs per female at 26 £ 2°C. According to the oviposition models, M. leuconotus

females can lay eggs under a wide range of temperatures (11-40°C). This makes it unique
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from the other major coffee pests in east Africa such as coffee berry borer Hypothenemus
hampei (Ferrari) and antestia bug Antestiopsis thunbergii (Gmelin) that require a
temperature range of 15-32°C and 15-30°C, respectively, for oviposition (Jaramillo et al.,

2009; Azrag et al., 2017).

Life table parameters

This study is the first report on the demography of M. leuconotus. The results we obtained
here will help in predicting the pest distribution and population dynamics in coffee
plantations. We found that the net reproductive rate (Ro) was highest at 26°C, with 11.8
daughters per female. This parameter takes into account the mortality rate of immature
stages during the life cycle, and it indicates the average of the population growth rate
from one generation to the other (Ahmed et al., 2016). However, the intrinsic rate of
natural increase (rm), which indicates the capacity of a population to grow in given
conditions was maximal between 26 and 28°C, with a value of 0.008. This value is low
when compared with an intrinsic rate of increase for Monochamus galloprovincialis
(Olivier) (rm = 0.05) at the temperature of 24-26°C (Akbulut et al., 2007). The difference
could be explained by our rearing conditions, especially the artificial diet that speeded up
larvae development and resulted in adults of small size, compared to the field population,
thus, lower rm. Nevertheless, the populations of M. leuconotus can grow at temperatures
ranging from 22-31°C. Our results showed that the rearing population of M. leuconotus
could complete only one generation per year at all tested temperatures. However,
previous reports showed that M. leuconotus need one year and half to two years to

complete one generation under field conditions (Knight, 1939; Tapley, 1960; Schoeman
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et al., 1998). Therefore, the life table parameters we obtained might not reflect what
happens in the field and thus should be considered with caution.

Relationship between the thermal window and ecological traits

Contrary to other coffee pests such as Antestiopsis thunbergii (Gmelin), M. leuconotus
has a broad thermal window (11-40°C). More generally, when compared to other insects,
this thermal window of 29°C is very large and may be an adaptation due to the fact that
immature stages cannot escape sub-optimal environmental conditions, because they are
attached to the coffee wood. The air temperature in the field could vary from the under-
bark microclimate due to the tree shade and humidity level in the plant tissues. This makes
it difficult to generalise laboratory findings to the field populations. Therefore, this
variation of the microclimate needs to be considered when exploiting such information
to make a geographic prediction. However, under field conditions, it has been proven that
M. leuconotus infestation is as high as 70% at elevations between 1,100-1,600 m asl, and
there was no relationship between its distribution and elevation, confirming the large

thermal window (Babin et al., 2017).

On the one hand, daily extreme temperatures could reach 40°C at low elevations ~1,000-
1,100 m asl, especially in summer (Azrag et al., 2018). On the other hand, the extreme
minimum temperatures at high elevations ~1,600-1,800 can reach 13°C (Azrag et al.,
2018), which further explains the ability of M. leuconotus to adapt to a wide range of
temperatures, reflected by the large thermal window of the pest. In Uganda, reported
infestation levels by this pest was higher on highly shaded coffee plantations at elevations
between 1,511 and 1,840 m asl (Jonsson et al., 2015). However, in Kilimanjaro region,

Tanzania, infestation by M. leuconotus was low in highly shaded plantations at elevations
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between 1,100 and 1,600 m asl (Babin et al., 2017). These results seem to indicate that
temperature is not playing a crucial role on the infestation level of M. leuconotus, as it
was demonstrated for A. thunbergii (Azrag et al, 2017; 2018 chapter five). Thus, other

factors such as rainfall and natural enemies need to be investigated in future studies.

Conclusions

Our study provided hitherto data on temperature-dependent development models for M.
leuconotus as well as its thermal thresholds. The models fitted to immature development
time and rate, mortalities, adult senescence and female fecundity were used to simulate
the life table parameters. This information will be useful for further studies on the thermal
biology of this important pest. Besides, our results will help understand distribution and
population dynamics of M. leuconotus and predict associated risk under global climate

warming.
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CHAPTER FOUR

Factors affecting the distribution and seasonal variation of two stink
bugs on Arabica coffee, Antestiopsis thunbergii and Antestiopsis
facetoides

Abstract

The stink bugs Antestiopsis spp. (Hemiptera: Pentatomidae) consist of a species complex
with some of them being major coffee pests in Africa. Three species A. thunbergii, A.
intricata and A. facetoides have been identified in coffee plantations of East Africa, with
A. thunbergii being the most important economically. This study aimed at characterising
the seasonal variation of A. thunbergii and A. facetoides at different elevations and
identifying the factors that affected their distribution and seasonal variations. The
populations of both species were assessed monthly for two years in coffee farms, with
different shade levels, located on the Aberdare range, in Kenya, at elevations between
1,300 and 1,900 m asl. Climatic data were measured over the elevation gradient using
data loggers. The number of berries at different maturation stages were counted and
recorded on each visit. The result showed that A. facetoides was the most dominant
species, accounting for 70% of the total bug population. The two species had a similar
trend in seasonal variation, with a peak between June and August. However, elevation
had an effect on their distribution, with A. facetoides being the most abundant at the
lowest elevations, while A. thunbergii were the most abundant in plantations at high
elevation. The same was true for the shade level, with A. thunbergii being the most
abundant in highly shaded plantations, while A. facetoides was mostly found in full-sun
plantations. The number of both species was positively correlated with the number of
mature green berries. However, the number of the bugs was negatively correlated with
the number of ripe berries that contributed for 57.7% and 35.9% in the variation of A.
thunbergii and A. facetoides populations, respectively. Our results will help understand
the distribution and population dynamics of both species and develop appropriate control

measures.

Key words: Coffea arabica, Antestia bugs, elevation, seasonal variation, potato test
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Introduction

Arabica coffee, Coffea arabica L. is one of the most important cash crops for many
developing countries (DaMatta, 2004; DaMatta and Ramalho, 2006). It is grown in
tropical and sub-tropical highlands where annual temperature ranges between 18 and
23°C, with a little seasonal fluctuation, and rainfall between 1,600 and 2,000 mm
(DaMatta and Ramalho, 2006). Although it is an important crop worldwide, climate
variability, especially temperature increases, droughts, and insect pests and diseases pose
major threats to the production of C. arabica (DaMatta and Ramalho, 2006; Ovalle-
Riveraetal., 2015). To mitigate the effect of temperature rise, growing coffee under shade
trees has become a widespread practice by the farmers (Beer et al., 1998; Albertin and
Nair, 2004). Shade trees provide a suitable microclimate for coffee production, even when
the temperatures are extremely high. It also plays a vital role in water conservation and
biodiversity in coffee plantations (Teodoro et al., 2009; Railsback and Johnson, 2014).
However, the density of shade on coffee farms differs depending on tree diversity and
density (Teodoro et al., 2009). This usually leads to variations in abiotic factors such as
temperature and relative humidity, which have potential effects on the population

densities and dynamics of coffee insect pests (Azrag et al., 2018).

The antestia bug Antestiopsis spp. (Hemiptera: Pentatomidae) consist of a dozen species
complex (Greathead, 1966). Three of these species, Antestiopsis thunbergii (Gmelin), A.
intricata (Ghesquiere and Carayon) and A. facetoides (Greathead) (Greathead, 1966;
Babin et al., 2018) are known to damage coffee. These are distinct in their morphologies
with striking patterns and markings in black, white and orange on their body (Greathead,

1966; Babin et al., 2018). The similarity in colour makes it difficult to distinguish between
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the species (Figure 1.1). However, the geographical distribution of these species differs,
with A. thunbergii being found in east and southern parts of Africa, A. intricata in West
Africa and some parts of East Africa (Ethiopia and Uganda). While the distribution of A.
facetoides is limited to Kenya and Tanzania and it was found together with A. thunbergii

in coffee plantations.

Antestia bugs feed on all vegetative parts of the coffee plant and its fruits, resulting in
severe crop losses (Ahmed et al., 2016). The mature green (unripe) coffee berries are the
most preferred food source, and they highly contribute to the bug’s development and
reproduction (Le Pelley 1942; Ahmed et al., 2016). Two types of feeding damage have
been described, a direct damage which results in flower and fruit fall, necrosis on the
coffee beans, and beans weight loss (Cilas et al., 1998) and an indirect damage due to the
fungi Nematospora spp. that colonise the beans through the feeding lesions, leading to
endosperm putrefaction and damage known as ‘zebra beans’ (Le Pelley, 1942; Ribeyre
and Avelino, 2012). The extent of the yield loss due to these damages are estimated to be
about 45%, with one or two bugs per tree as the economic threshold for implementation
of pest control (McNutt, 1979; Cilas et al., 1998). In the recent past, some studies showed
that A. thunbergii transmits a bacteria Pantoea coffeiphila (Enterobacteriaceae) that
causes the ‘potato taste’ defect (PTD), especially in the African Great Lakes region
(Matsuura et al., 2014; Gueule et al., 2015). In this region, the severity of PTD on coffee
beans increased from 18% in 2012 to 51% in 2013 (MOAAR, 2014 cited in Ahmed et al.,
2016). It reduces the quality and competitiveness of Arabica coffee beans in foreign

markets and hence lowers profit margins.
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Although antestia bugs threaten coffee production in Africa, there is still little knowledge
on the bioecology of these pests, especially the seasonal variations and factors affecting
their distribution and population densities. Solid knowledge on the spatial and temporal
distribution patterns of an insect pest is crucial for effective control measures (Rao et al.,
2000). This knowledge should be based on the response of the insects’ population to its
habitat and the surrounding environment, in order to identify key factors that affect
population dynamics. The population density of A. thunbergii in Rwanda has been
reported to peak in February with a density of 45 bugs per tree (Foucart and Brion, 1959).
Thereafter, declining to its minimal level in March, after which it increases again between
June and September with a second peak in August (Foucart and Brion, 1959). On the
other hand, Azrag et al. (2018) found higher populations in June, compared to the period
of October and January in the Kilimanjaro region at elevations between 1,000 and1,600
m asl. Yet, factors involved in the seasonal variations are not well understood. Therefore,
the objectives of this study were to describe the seasonal variation of the two antestia
bugs species A. thunbergii and A. facetoides at different elevations and to identify the

factors involved in the infestation level and distribution for the two species.

Materials and methods

Study site and experimental design

This study was conducted in 28 small holding coffee farms located on the Aberdare range
(0.7096°S — 37.0835°E and 0.6948°S — 36.9226°E), with elevations between 1,300 and
1,900 m asl. The selected farms were small with approximately 100 coffee trees each and
the most common coffee variety on these holdings was SL28. This variety is old in Africa
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and it was introduced into Kenya since the 1930s (World Coffee Research, 2018). The
variety SL28 is suited for medium to high altitudes and shows resistance to drought but
is susceptible to the major diseases of coffee (World Coffee Research, 2018). This
agricultural area is characterised by a binomial rainfall regime: a long rainy season
occurring from mid-March to end of May (being the most important for coffee growing),
and a short one from mid-October to December, (Ovuka and Lindqvist, 2000). The
coolest and warmest seasons are from June to August and January to March, respectively.
Variation in elevation and climate leads to different agro-ecological zones in the area that
harbours diverse types of crops. Coffee plantations mixed with food crops such as maize,
Zea mays L., beans (Vigna spp.), banana Musa spp., and trees such as Grevillea robusta
(A. Cunn. ex R. Br.) and Macadamia spp. which provide coffee trees with shade are
usually found at elevations between 1,000 and 1,900 m asl. In our study, we divided the
elevation gradient into three zones: the low zone (1,300-1,450 m asl), the mid zone
(1,500- 1,700 m asl), and the high zone (1,750-1,900 m asl). Each zone had nine coffee
farms with the exception of the lower zone, which had 10 farms. Coffee farms in each
zone were visually categorised as having either full sun, low shade, moderate shade, or

high shade (Figure 4.1).
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Figure 4.1 Shade classification on the coffee plantations, A: full sun, B: low shade, C:

moderate shade and D: high shade.

Climatic data

A total of 11 data loggers (iButtons Hygrochron, Maxim Integrated, San Jose, USA) were
deployed on coffee farms across the elevation gradient (1,300-1,900 m asl) to record daily
temperature and relative humidity. These were hung on coffee tree branches at
approximately 2 m above the ground. Temperature and humidity were recorded hourly
for the two years duration of the project. Average monthly temperature and humidity
across the study site were calculated and used for the determination of climatic variation

in the study sites.
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Monitoring of antestia bug populations and coffee berry development

Monthly counts of antestia bugs were carried out on the selected coffee farms. The
antestia bugs found in the study area were identified as A. thunbergii and A. facetoides
using the morphological key developed by Greathead (1966). On each farm and during
each observation round, 15 trees were randomly selected on the two sides of a diagonal
line across the farm (Azrag et al., 2018). On each tree, numbers of A. thunbergii and A.
facetoides were counted and recorded irrespective of their life stages. We were not able
to distinguish between egg batches of the two species hence, did not record them in our
study. To assess the availability of the coffee berries at different maturation stages
(developing, mature green and ripe berries), berries were counted monthly on the same
trees throughout the year. In each tree, two branches were selected, one at the top and one
at the bottom of the tree. One fruit node was randomly selected in each branch and the

number of developing, green mature and ripe berries were recorded.

Statistical analyses

A descriptive analysis was used to describe the variation in the mean monthly temperature
and relative humidity within the study area, as well as the number of antestia bugs per
month (monthly average for the two years) at different elevation zones. Repeated
measures ANOVA were performed using an ezZANOVA function in ‘ez’ package
(Lawrence, 2016) in R 3.3.0 (R Core Team, 2016). The monthly average of antestia bugs
per farm (average for the two years) was computed for each species and used as the
dependent variable. Shade class (four levels) and elevation (three zones) were factors for

each coffee farm, and the observation date (month) was included as a random effect to
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account for the repeated measures. Once significant difference was detected, data were

subjected to pairwise comparisons of the means using Bonferroni test at a = 0.05.

To understand factors that influenced monthly variation in the number of antestia bug,
we carried out Spearman correlation analyses with environmental variables (monthly
mean temperature and humidity) and coffee berry maturation stage (monthly number of
developing, mature and red berries per node) as independent variables. Since there is a
correlation between the independent variables (i.e. temperature, humidity and berry
maturation stage), we could not use the ordinary regression methods to separate the
effects of a single independent variable on the dependent variable. To solve this problem,
we used a hierarchical partitioning analysis, which is a technique that deals with the
problem of collinearity that exists between the independent variables. This method
considers all possible models in a multivariate regression and it estimates the percentage
of explained variance for each independent variable into independent and joint
contribution with all other variables (Mac Nally, 1996; Mac Nally and Walsh, 2004).
Specifically, we used hierarchical partitioning to quantify the independent contribution
of each independent variable to the monthly number of antestia bug using R packages

‘hier.part’ (Walsh and Mac Nally, 2015).

Results

Variation in climate and coffee berry maturation stage

The climatic conditions (monthly mean temperature and relative humidity) in the study

area and berry maturation on coffee trees throughout the year are shown on Figure 4.2.
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The monthly mean temperature ranged between 17.7 and 23.2°C, with March and July
being the hottest and coolest months, respectively (Figure 4.2A). The highest mean
relative humidity was obtained in November with a value of 85%, while the lowest was
61% recorded in March. By contrast, the monitoring of coffee berry maturation showed
that the mean number of developing berries was the highest between January and June,
with a peak at 4 berries per node in April (Figure 4.2B). The mean number of mature
green berries peaked between July and September, with 4-5 berries per node. The mean
number of ripe berries had two peaks, the first one between April and July, which
corresponds to the small harvesting season in the region, and the second between August
and January with a peak in November, which corresponds to the main harvesting season

in the region (Figure 4.2B).
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Figure 4.2 Monthly climatic data (average temperature and relative humidity for years
2016 and 2017 = SD) (A), and B: coffee berry maturation stage (mean number of
developing, mature and ripe berries per node + SD), recorded in coffee farms located on
elevation ranged between 1,300 and 1,900 m asl, on the Aberdare range in

Murang’acounty, Kenya.
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Seasonal variation of antestia bug populations

In total, 2041 antestia bugs (both nymphs and aduts) belonging to the two species
Antestiopsis thunbergii and A. facetoides were observed in this study. Antestiopsis
facetoides was dominant across the study area, accounting for 70% of the total bug
population. Both species were found throughout the year in coffee plantations with two
peaks across all elevation gradients (Figure 4.3). The number of A. thunbergii (both
nymphs and adults) per month (monthly average for the two years) started to build up
from January and reached its peak in April with 13 and 23 bugs at high (1,750-1,900 m
asl) and medium (1,500- 1,700 m asl) elevations, respectively (Figure 4.3A). However,
no A. thunbergii were observed on all the ten farms at the lower elevations (1,300-1,450
m asl) during this period. The number of A. thunbergii per month started increasing again
between June and September with a peak between July and August at all elevations
(Figure 4.3A). On the other hand, variation in the number of A. facetoides followed the
same trend as those of A. thunbergii being higher in April at low and medium elevations
(Figure 4.3B). Afterwards, it decreased from May to October at medium and high
elevations. Globally, the number of antesia bug per month (the two species) in the study
area started increasing from April and reached the highest peak in July (Figure 4.3C).

Afterwards, it decreased and reached it minimal levels in November (Figure 4.3C).
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Figure 4.3 Seasonal variation (mean number of antestia bugs (both nymphs and adults)
per month monitored for two years 2016 and 2017 £ SD) of A: Antestiopsis thunbergii
and B: Antestiopsis facetoides over different elevation zones (low:1,300-1,450 m asl;
mid: 1,500-1,700 m asl; and high: 1,750-1,900 m asl), and C: the total number of the bugs

for all elevations (1,300-1,900 m asl), on the Aberdare range in Murang’a county, Kenya.
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Factors influencing the seasonal variation of antestia bug populations

Table 4.1 shows the results of an analysis of the correlation between the number of A.
thunbergii and A. facetoides per month as dependent variables, and climatic data (average
monthly temperature and humidity) and coffee berry maturation stage (monthly number
of berries per node) as independent variables. A significant negative correlation was
detected between the number of A. thunbergii per month and the monthly number of ripe
berries per node (r = —0.56; P < 0.05). The correlation between the number of mature
green berries per node on coffee trees and the number of A. thunbergii was weak and not
significant (r = 0.189; P > 0.05). On the other hand, the number of A. facetoides per month
was positively correlated with the number of mature berries per node (r = 0.64; P < 0.05),
and negatively with temperature (r = —0.58; P < 0.05). The hierarchical partitioning
analysis showed that the majority (57.7%) of the explained variance on the monthly
number of A. thunbergii was related to the independent effects of the ripe berries (Figure
4.4A). The second most influenced variable on this species was temperature, with an
independent contribution of 18.2%. In contrast, the variation in the number of A.
facetoides per month was mostly explained by ripe berries (35.9%), followed by

temperature (29.4%) and mature berries (18.7%) (Figure 4.4B).
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Table 4.1 Spearman correlations between the number Antestiopsis thunbergii and

Antestiopsis facetoides per month and explanatory variables (climatic variables and

berry maturation stage on coffee trees)

A. ) Developing  Mature Ripe
A facetoides ) ) ) Temperature
thunbergii berries berries berries
A. thunbergii
A. facetoides 0.441 ns
Developing
] —0.063ns  0.209 ns
berries
Mature berries  0.189 ns 0.643* 0.294 ns
Ripe berries —0.559* —0.329 ns —0.308 ns 0.168 ns
Temperature —-0.119ns  -0.580* 0.343 ns —0.734** -0.364 ns
Humidity —0.196 ns  0.322ns —0.259 ns 0.489ns  0.552* —0.776**

Significant codes for the correlation: * p < 0.05 and **p < 0.01; ns = correlation not

significant
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Effect of elevation and shade on the population of antestia bug

Elevation had a significant effect on the number of antestia bug (Figure 4.5) (average per
farm per year). The highest number of A. thunbergii was found on farms at medium
elevations (1,500- 1,700 m as) (1.6 bugs), followed by the farms at the highest elevation
(1,750-1,900 m asl) (1.2 bugs) (F2,633 = 14.43, P < 0.001) (Figure 4.5). On the other hand,
the number of A. facetoides was significantly higher on farms at the lower elevation (3.4
bugs) and it decreased with an increase in elevation (F2633 = 22.18, P < 0.001) (Figure
4.5). The number of antestia bugs per farm was also affected by shade in coffee
plantations (Figure 4.6). The number of A. thunbergii individuals per farm was higher in
plantations with high shade, compared to ones with low and moderate shade and full sun
(Fa633 =12.24, P < 0.001). By contrast, the number of A. facetoides was higher in sunny

plantations compared to low and moderate shade (Fse33 = 3.16, P < 0.05) (Figure 4.6).
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Figurer 4.5 Number of antestia bugs (mean number/farm/ year £ SE, for the population
monitored for two years 2016 and 2017), Antestiopsis thunbergii, and Antestiopsis
facetoides for the different elevation zones (Low: 1,300-1,450 m asl, mid: 1,500-1,700 m
asl, and high: 1,750-1,900 m asl) located on the Aberdare range in Murang’a county,

Kenya.
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Figurer 4.6 Number of antestia bugs (mean number/farm/year £ SE, for the population
monitored for two years 2016 and 2017), Antestiopsis thunbergii, and Antestiopsis
facetoides for different shade levels in coffee plantations located on the Aberdare range

in Murang’a county, Kenya.
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Discussion

Our results showed that the seasonal variations of A. thunbergii and A. facetoides
throughout the year had a similar trend in coffee plantations, with two peaks at all
elevations (low, 1,300-1,450 m asl; mid, 1,500-1,700 m asl; and high, 1,750-1,900 m asl).
The highest population densities for antestia bugs in the in Murang’a were observed in
August with a mean of 0.4 and 0.6 bugs per tree at high and low elevations, respectively,
and in July (0.4 bugs per tree) at medium elevation. However, the lowest and highest
densities we obtained in different farms ranged between 0 and 1.7 bugs per tree. A density
of 1 bug per tree is considered as economic threshold level that requires the
implementation of the control measures. A recent study in Rwanda by Bigirimana et al.
(2019) obtained a density of 0 to 6 bugs per tree for the different farms with a mean
density of 0.5 bugs per tree for the study site (elevation between 1,381 and 2,135 m asl),
which is consistent with our findings. However, the mean density we obtained here was
lower compared to the findings of Azrag et al. (2018) who obtained 1.5 bugs per tree in
Tanzania. These low densities could be linked to good cultural farming practices like
pruning that was adopted by the farmers in our study area. Good pruning practices expose
antestia bugs to extreme temperatures, which can be lethal, especially for the immature
stages. Also, it provides a suitable environment for the natural enemies to easily target

the pest.

Overall, the highest number of antestia bug was observed between June and August at all
elevations. This period corresponds to the cold season in Murang’a with lots of mature
green berries that are available on coffee trees. Similar results were obtained by Azrag et

al. (2018) for A. thunbergii in Mt. Kilimanjaro, Tanzania, where the population of the
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bug was higher in cold season compared to short rainy and warm dry seasons. The same
was true for the report of van der Meulen and Schoeman (1990), who obtained high
populations of immature stages for A. thunbergii when lots of green berries were available
on the trees in South Africa. Azrag et al. (2017) suggested that the availability and quality
of food could play a vital role in the seasonal variation of A. thunbergii, compared to
some abiotic factors such as temperature. This was true due the positive correlation we
found between the number of antesia bug and the presence of mature green berries.
Furthermore, Le Pelley (1942) reported that the mature green berries are the most
preferable food for antestia bugs and the most important for their development, survival
and reproduction. Indeed Njihia et al. (2017) have shown that the second nymph instar
for A. thunbergii were strongly attracted to odours from mature green berries supporting
our observations. Therefore, the availability of food, especially mature green berries is
one of the key factors explaining the high populations of both species between June and

August.

The lowest number of A. thunbergii and A. facetoides were observed in May and
November at all elevations which coincides with the period when most of the berries on
the trees are ripe. Le Pelley (1942) showed that when antestia bugs feed on the ripe berries
only, they cannot produce offspring. Thus, it could be possible that antestia bug adults in
the field look for an alternative food source for survival when the berries become ripe.
Our results strengthened the findings of Njihia et al. (2018), that showed the volatiles of
the ripe berries significantly repels the second nymph instar of A. thunbergii. Therefore,
the presence of the ripe berries was one of the key factors that explained the low

populations for both species in May and November (small and main harvesting seasons).
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In our study, A. thunbergii and A. facetoides had a different distribution over the elevation
gradient, which suggests that they have different thermal requirements. The highest
number of A. thunbergii was found at medium elevations (1,500-1,700 m asl), where the
mean annual temperature ranged between 19.9 and 21.7°C, followed by the high
elevations (1,750-1,900 m asl) where the mean temperature is between 18.9 and 19.7°C.
Our results showed that temperature is the second most crucial factor that negatively
affected the number of A. thunbergii after ripe berries. It has been established that the
extreme temperatures (below 19°C and above 26°C) negatively affect the reproduction
and intrinsic rate of increase that determine the population growth rate for A. thunbergii
(Ahmed et al., 2016; Azrag et al., 2017). Therefore, the high number of A. thunbergii at
mid-elevations could be explained by the daily minimum and maximum temperatures that
are appropriate for A. thunbergii development, survival and reproduction, compared to
the low and high elevations where daily temperatures can be lethal for the immature
stages (Azrag et al., 2017). Azrag et al. (2018) showed a high risk of A. thunbergii at
elevations between 1400-1800 m asl on Kilimanjaro slope, under current and future (the

year 2055) climatic conditions.

On the other hand, the number of A. facetoides was the highest in the study area and
mostly found at the lower elevations (1,300-1,450 m asl), where the annual mean
temperature ranged between 20.6 and 22°C, followed by the mid elevations (1,500-1,700
m asl). To the best of our knowledge, the thermal biology of A. facetoides at different
constant temperatures has not been studied and literature on this species is scarce. This is
mainly due to the lower economic importance of A. facetoides in coffee plantations in

Africa, compared to the two other species A. thunbergii and A. intricata that cause high
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damages to Arabica coffee (Greathead, 1966; Babin et al., 2018). Therefore, it is difficult
to explain the effect of temperature and elevation on the distribution of A. facetoides at
the moment. However, our results suggest that A. facetoides has a wider thermal window
with a preference for a warmer climate, compared to A. thunbergii, which could explain

its high number at the lower elevations.

Shade level on coffee plantations had an opposite effect on the populations of A.
thunbergii and A. facetoides, which confirms the different thermal requirements of both
species. The number of A. thunbergii were higher in high shade coffee plantations,
compared to sunny, low and moderate shade. Earlier on, Mugo et al. (2013) reported high
infestation level of A. thunbergii in shaded coffee compared to full sun plantations in
Kenya. In addition, a study by Kirkpatrick (1937) showed that A. thunbergii prefers cool
climate and populations are usually higher in bushy coffee trees which they use as shade
to avoid high temperatures during the day. This behaviour was explained by Azrag et al.
(2017) who reported that the susceptibility of immature stages to extreme temperatures
as a key factor for A. thunbergii to seek cool habitat for the development and population
growth. By contrast, the number of A. facetoides was higher on sunny coffee plantations,
and low in low, moderate and high shaded coffee. Presently, we do not know the
mechanism behind the positive effect of sunny plantations on A. facetoides populations.
However, one explanation could be that A. facetoides requires high temperature for the
development and population growth as we mentioned earlier, and this might be the reason
for the preference of a warmer climate. Also, it could be possible that shaded plots offer
higher diversity and abundance of natural enemies of A. facetoides (i.e. parasitoids, and

birds) which lower its population in shaded plantations.
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Conclusions

The antestia bug species A. thunbergii and A. facetoides have a different distribution over
elevation gradients, as well as under different shade covers which suggest different
thermal requirements. However, the seasonal variations of A. thunbergii and A. facetoides
display similar trends over two years and the population was higher when lots of mature
green berries were available. In addition, when the berries are ripened, number of both
species decreases. These results suggest that the presences of food, especially mature
green berries on the trees is the most important factor resulting in seasonal population

variation of antestia bugs.
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CHAPTER FIVE

Prediction of insect pest distribution as influenced by elevation:
Combining field observations and temperature-dependent
development models for the coffee stink bug, Antestiopsis thunbergii
(Gmelin)
Abstract

The antestia bug, Antestiopsis thunbergii (Gmelin 1790) is a major pest of Arabica coffee
in Africa. The bug prefers coffee at the highest elevations, contrary to other major pests.
The objectives of this study were to describe the relationship between A. thunbergii
populations and elevation, to elucidate this relationship using our knowledge of the pest
thermal biology and to predict the pest distribution under climate warming. Antestiopsis
thunbergii population density was assessed in 24 coffee farms located along a transect
delimited across an elevation gradient in the range 1,000-1,700 m asl, on Mt.
Kilimanjaro, Tanzania. Density was assessed for three different climatic seasons, the cool
dry season in June 2014 and 2015, the short rainy season in October 2014 and the warm
dry season in January 2015. The pest distribution was predicted over the same transect
using three risk indices: the establishment risk index (ERI), the generation index (GI) and
the activity index (Al). These indices were computed using simulated life table
parameters obtained from temperature-dependent development models and temperature
data from 1) field records using data loggers deployed over the transect and 2) predictions
for year 2055 extracted from AFRICLIM database. The observed population density was
the highest during the cool dry season and increased significantly with increasing
elevation. For current temperature, the ERI increased with an increase in elevation and
was therefore distributed similarly to observed populations, contrary to the other indices.
This result suggests that immature stage susceptibility to extreme temperatures was a key
factor of population distribution as impacted by elevation. In the future, distribution of
the risk indices globally indicated a decrease of the risk at low elevation and an increase
of the risk at the highest elevations. Based on these results, we concluded with
recommendations to mitigate the risk of A. thunbergii infestation.

Key wards: Coffea arabica, stink bugs, climate change, pest forecasting models, Antestia

bugs.
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Introduction

The antestia bug, Antestiopsis thunbergii (Gmelin 1790) (Hemiptera: Pentatomidae) is
one of the major insect pests of Arabica coffee in eastern and southern Africa (Greathead,
1966; Babin et al., 2018). The pest feeds on coffee leaves, buds, flowers and berries
leading to direct damage (McNutt, 1979). By feeding on young berries, the bug causes
premature fruit fall and necrosis of the beans (Cilas et al., 1998). In addition, feeding
lesions allow the fungi Nematospora spp. to colonise the beans, leading to endosperm
rotting and a damage known as “zebra beans” (Ribeyre and Avelino, 2012). Antestiopsis
thunbergii is also supposedly involved in the transmission of a bacteria Pantoea
coffeiphila (Enterobacteriaceae), causing a flavour defect of coffee beverage known as
‘potato taste’ defect (PTD), which threatens coffee production in the African Great Lakes
region (Matsuura et al., 2014; Gueule et al., 2015). The economic threshold for taking
action against this pest is as low as one or two bugs per coffee tree on average, depending
on the level of damage found in the country (Cilas et al., 1998; Bigirimana et al., 2012;
Mugo et al., 2013). Contrary to most other coffee pests like the coffee berry borer,
Hypothenemus hampei (Ferrari), A. thunbergii thrives in high elevation Arabica coffee.
The pest is present in plantations between 1,000 and 2,100 m asl, but with a strong
preference for plantations of the highest elevations (Greathead, 1966). Two closely
related antestia bug species, A. intricata (Ghesquiére and Carayon) and A. facetoides
Greathead, are more common in coffee plantations at low-medium elevation (1,000-1,600
m asl) (Greathead, 1966; Abebe, 1987; Babin et al, 2018). A recent study by Azrag et al.
(2017) suggested that A. thunbergii preference for higher elevations might be due to the

pest’s adaptation to cool habitats in the tropics.
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Temperature is the most important environmental factor that affects insect distribution
(Bale etal., 2002; Ahmed et al., 2016), and it is highly correlated with elevation (Zehnder
et al., 2009). Variation in temperature affects insect population dynamics through insect
physiology and behaviour (Estay et al., 2009). Indirect effects also are expected due to
the impact of temperature on host plants and natural enemies (Bale et al., 2002). A recent
study by Azrag et al. (2017) provided an insight into A. thunbergii thermal requirements
using temperature-based development models. These models showed that the pest was
able to survive and develop under a temperature range of 14.6-32.9°C. However, based
on simulated life table parameters, growth of the rearing population was restricted to a
temperature range of 19-25°C (Azrag et al., 2017). Such thermal requirements suggest an

adaptation to temperatures cooler than expected for a tropical insect.

In tropical and temperate regions, change in distribution and abundance are expected for
many insect pests as a result of global warming (Bale et al., 2002; Jaramillo et al., 2011,
Mwalusepo et al., 2015). For example, in East Africa, H. hampei is currently an issue for
coffee production at elevation of up to 1,500 m asl. By the year 2050, rising temperatures
may lead to higher populations on Arabica coffee at elevations up to 1,800 m asl, leading
to reduction in both production and quality of renowned Arabica coffees (Jaramillo et al.,
2011; Cilas et al., 2016). In contrast, the abundance of some herbivorous insects is
expected to decrease due to their vulnerability to high temperatures (Bale et al., 2002);

yet, such scenarios have not been well documented.

Considering previous findings by Azrag et al. (2017), it becomes feasible and necessary
to predict the risk of A. thunbergii infestation in coffee of the East African highlands.

Therefore, the general objectives of this chapter were first to elucidate the relationship
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between A. thunbergii current distribution and elevation, and second to assess the
potential impact of temperature change on the future distribution of the pest. To achieve
these objectives, we first analysed this relationship using the pest abundance surveyed
along an elevation gradient. In a second step, we used simulated life table parameters,
incorporating the full life history of the pest, obtained from temperature-dependent
development models (Azrag et al., 2017) to generate risk indices based on temperature,
using Insect Life Cycle Modelling software (ILCYM) (Tonnang et al., 2013). The indices
were calculated and mapped on the same elevation transect using temperature data
collected in the field, in order to compare index distribution to this obtained from the field
survey. Finally, to predict the potential impact of temperature increase on the future
distribution of A. thunbergii, we generated and mapped the risk indices on the transect
with simulated temperature data for the year 2055 from the Representative Concentration

Pathway warming scenario 4.5 (RCP 4.5).

Materials and methods

Study site

Our study targeted the Arabica coffee growing area of the south-eastern slope of Mt.
Kilimanjaro in Tanzania (S3.28° E37.43° and S3.47° E37.50°). A transect approximately
11 km-long and 2 km-wide with a total surface area of around 22.2 km? was delimited
over an elevation gradient of 1,000-1,700 m asl (Figure 5.1). This agricultural area is
characterised by a bimodal rainfall regime, with a long rainy season starting from March
to May and a short one from mid-October to December. The mean annual temperature

ranges between 18 and 23°C (Mwalusepo et al., 2016) and mean annual rainfall between
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1,500 and 2,000 mm at 1,500 m asl (Hemp, 2006). During the coolest period (June to
August), the average temperature ranges between 18 and 20°C. In this area, agricultural
landscape is dominated by agroforestry systems known as Chagga home gardens, where
coffee is grown in small farms with banana and other food crops as well as fruit trees
used as shade trees, such as Persea americana Mill. and Mangifera indica L. (Hemp,

2006).

127



N\, N Legend
\‘ @ Data loggers

L

‘\ @ Farm plots
*x  Towns

—\\’ —— Rivers N

st T\
Roads w E

L_ District boundary
T—"

Elevatlon (m asl)
High : 1747

- Low : 900

37°?6’E 37°?8‘E

]

_J
|

a Transects

0 05 1

P4
Legend \ f} U/
‘[F___—J Tanzania i»../f
[ Africa -
transect

0 1,125 2,250 4,500 Km
L |

1 T
37°26'E 37°28'E

Figure 5.1 Location of the study transect over an elevation gradient on the south-eastern
slope of Mt. Kilimanjaro, in Moshi district, Tanzania. The transect delimited in pink is

approximately 11 km-long and 2 km-wide with a total surface area of around 22.2 km?.
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Field surveys

The antestia bug, A. thunbergii was identified as one of the two main pests of coffee in
the studied area. The second major pest was the African coffee white stem borer,
Monochamus leuconotus Pascoe (Coleoptera: Cerambycidae) (Gichuhi et al., 2017). The
antestia bugs observed on the transect were identified as the subspecies A. thunbergii
bechuana Kirkaldy, using the morphological identification key and distribution maps
proposed by Greathead (1966). This subspecies differs from A. thunbergii ghesquierei
Carayon, which has a slightly different coloration and a more western distribution in east
Africa (Babin et al., 2018). The two other species of antestia bugs found on coffee in East
Africa, A. intricata and A. facetoides were not found on the transect. Four field surveys
were conducted spanning across three different climatic seasons, two during the cool dry
season in June 2014 and 2015, one at the beginning of the short rainy season in October
2014 and one during the warm dry season in January 2015. Antestiopsis thunbergii
populations were assessed in 24 coffee farms, selected in groups of 4 at approximately
1,100, 1,200, 1,300, 1,400, 1,500 and 1,600 m asl (Figure 5.1). The selected farms were
representative of the area; they were usually small, with about 100 coffee trees, and the
age of the trees was between 10 and 50 years. The farms were homogeneously planted
with the same traditional Arabica coffee variety, originated from breeding of Bourbon-
type and Kent-type old varieties. In each farm, 15 trees were randomly selected on both
sides of a diagonal across the farm. Individuals of A. thunbergii were counted visually on
the selected trees, irrespective of the development stage of the pest. Presence of eggs was

noted, without counting.
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Temperature data
Real-time air temperature was recorded hourly throughout the year 2013 as an activity of

the CHIESA project (http://chiesa.icipe.org/) using climate data loggers (iButtons

Hygrochron, Maxim Integrated, San Jose, USA). This data was then borrowed to the
project for analyses presented in the present paper. Nine data loggers were deployed
across the transect (Figure 5.1). Data loggers were hanged on tree branches at
approximately 2 m above the ground to record air temperature under shade. Data logger
geographical position and elevation were recorded using a handheld Global Positioning

System (GPS).

For 2055 temperature estimates, we used simulated temperature dataset (AFRICLIM
version 3.0) of the Representative Concentration Pathway scenario 4.5 (RCP 4.5) of the
fifth assessment report of Intergovernmental Panel on Climate Change (IPCC-AR5). RCP
4.5 emission scenario was selected because it is a moderate scenario, which includes long
term global emissions of greenhouse gases, land use and land cover in a global economic
framework (Thomson et al., 2011). The simulated temperature data were downscaled to
a resolution of 30” (1 km) using General Circulation Models (GCMs) and Regional
Climate Models (RCMs), with WorldClim grids as baseline. Data are well documented
by Platts et al. (2015) and freely accessible at

http://www.york.ac.uk/environment/research/kite/resources/. We downloaded the

temperature dataset for the year 2055 as raster layers in tiff format. Then, we used point
sampling tool in QGIS software (version 2.18.4) to extract temperature data from layers,

using the geographical position of data loggers on the transect as coordinates.
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Statistical analysis of the survey data

The relationship between A. thunbergii populations (both nymphs and adults) and
elevation was determined through a regression analysis, using a generalised linear model
with a Poisson distribution. R programming environment (R Core Team, 2016) was used
for all calculations. The dependent variable was the total number of bugs per farm, i.e.
the total number of bugs counted on 15 coffee trees. This variable was regressed against
the elevation variable. The same regression analysis was computed for the 4 observation
times. Poisson distribution assumes that the mean and variance of the count data are equal,
and over-dispersion occurs when the variance is greater than the mean. This case was
detected in our data and was corrected using “dispmod” package in R (Scrucca, 2018).
With this method, the goodness of fit of Poisson regression model is assessed on the basis
of the deviance (log-likelihood ratio statistic), which has a distribution approximating to
chi-squared, and is represented as y. To display the current distribution of the bug on the
study transect, we mapped the bug density (mean number of bugs per tree) using the
regression model obtained for each observation time, and elevation data computed from
the digital elevation model (DEM) of the transect. Calculation and mapping were done
using the “raster” package in R programming environment (Hijmans et al., 2017). To
analyse the effect of season on A. thunbergii populations, generalised linear model with
a Poisson distribution was fitted to the total number of bugs per plot as dependent variable
and season as independent variable. Once a significant difference was detected, data were

submitted to post hoc analysis for mean comparison, using Tukey test at P = 0.05.
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Prediction of distribution based on temperature-dependent models

Demographic parameters’ simulation and model validation

To predict the distribution of A. thunbergii populations as impacted by elevation, we used
the temperature-dependent development models reported by Azrag et al. (2017). The
laboratory colonies used in this study were initiated with individuals of the same
subspecies, A. thunbergii bechuana, collected in the same area that was targeted targeted
in the present study. Models were developed using life table data collected at 7 constant
temperatures (18, 20, 23, 25, 28, 30 and 32°C). Mathematical functions were fitted to
immature stage development time and rate, mortality rate, female fecundity and adult
senescence, using the software Insect Life Cycle Modelling (ILCYM, version 3.0)
(Tonnang et al., 2013). Using these models, A. thunbergii life table parameters were
simulated for different constant temperatures, viz. 1) the gross reproductive rate (GRR),
which is defined as the average number of daughters produced by a living female
throughout her life time, 2) the net reproductive rate (Ro), which is the rate of
multiplication per generation taking into account the mortality rate of immature stages,
3) the mean generation time (T) which is defined as the mean time (in days) between the
birth of parents and the birth of offspring, 4) the doubling time (Dt), which is the time (in
days) that is required for the population to double, 5) the intrinsic rate of increase (rm),
which is defined as the innate capacity of a population to grow, and 6) the finite rate of
increase (1), which is the average per capita multiplication factor per one time unit

(Tonnang et al., 2013 ; Kroschel et al., 2013; Azrag et al., 2017) .

For the present study, an additional experiment was conducted at fluctuating temperature

in order to validate the models developed by Azrag et al. (2017) at constant temperatures.
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The validation experiment was carried out in an open insectary from April to October
2015 at International Centre of Insect Physiology and Ecology (icipe), Kenya. A total of
154 individuals of A. thunbergii were reared from egg to adult using green coffee berries
and leaves as diet (see Ahmed et al. (2016) for a complete description of the rearing
method). During the experiment, temperature was recorded every hour using a data logger
(iButtons Hygrochron, Maxim Integrated, San Jose, USA). The daily mean temperature
ranged between 17.4 and 28.1°C, while the daily minimum temperature ranged between
10.6 and 18.7°C, and the daily maximum temperature between 20.6 and 36.9°C.
Antestiopsis thunbergii demographic parameters were calculated from the models using
fluctuating temperature data. Then, the calculated parameters were compared to the
values simulated from data collected at constant temperatures (Azrag et al., 2017).
Consistency between simulated and calculated values of demographic parameters was

good enough to validate the models and undertake risk index calculation.

Calculation and mapping of infestation risk indices

Antestiopsis thunbergii distribution as impacted by elevation was displayed using the
following three indices, i) the establishment risk index (ERI), ii) the generation index (GI)
and iii) the activity index (Al). The ERI gives the capacity of an insect to establish in a
particular area based on temperature. When mapped, the ERI enables the visualisation of
the geographical areas suitable for the insect’s establishment and survival. The index is 1
when all immature stages of the pest survive throughout the year in the particular area.
Otherwise, the number of days in which a single stage would not survive (100%
mortality) are counted and divided by 365 (number of Julian days), and then subtracted

from 1. The GI estimates the mean number of generations that an insect may produce
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within a year, and it is estimated by the number of Julian days (365) divided by the
estimated generation time (T). The Al assesses the potential distribution and abundance
of the species; the Al is closely related to the finite rate of population increase (1)
(population growth rate), which takes into account the whole life history of the pest. It is
calculated by taking the log of the products of estimated finite rates of increase calculated
for each Julian day. For example, an Al value of 4 gives a potential population increase
factor of 10, 000 in one year. These indices were computed and mapped on the same
transect using “index interpolator” in ILCYM (Tonnang et al., 2013) based on i) the
temperature-dependent development models and related demographic parameters
reported by Azrag et al. (2017), ii) the digital elevation model (DEM) for the study area
(elevation was used as a co-variable in ASCII format), and iii) the current and future
temperature data (daily minimum and maximum temperatures). Indices were initially
calculated for each geographical point where temperature data were recorded or
simulated, and then interpolated on the surface of the digital elevation model using thin

plate algorithm interpolation method (Tonnang et al., 2013).

In order to better characterise the changes in the pest’s distribution between current and
future temperatures, we randomly extracted risk index values from a total of 160
geographical points in groups of 20, located at every 100-m elevation across the transect,
using point sampling tool in QGIS. The same geographical points were used to extract
indices for current and future temperatures. Then, extracted data were tested for normality
and a Wilcoxon test was applied to the data in R (version 3.3.0) (R Core Team, 2016) to
compare the mean of the indices in current and future temperature conditions at each

elevation.
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Results

Effect of elevation and season on A. thunbergii populations

The impact of elevation on the total number of A. thunbergii per farm (total counts on 15
trees) was significant, with an increase in populations together with elevation for the four
different evaluation periods (June 2014 (cool dry season): y- = 20.159, df = 19, z = 2.553;
P < 0.05; June 2015 (cool dry season): x> = 20.848, df = 22, z = 2.877; P < 0.01; October
2014 (short rainy season): % = 19.065, df = 18, z = 2.302, P < 0.05; January 2015 (warm
dry season): % = 16.868, df = 18, z = 3.622, P < 0.0001) (Figure 5.2). Total number of A.
thunbergii per farm was very variable even for farms located at similar elevation and for
the same evaluation period, especially for the highest elevations. For example, in June
2014, populations ranged between 4 and 48 bugs for 15 trees for elevation around 1,600
m asl. For the same elevation, in January 2015, population ranged between 5 and 32 bugs
for 15 trees (Figure 5.2). Maps of Figure 5.3 confirm that population densities were the
highest at the top of the transect (1,600-1,700 m asl), whatever the period. They exceeded
1.5 bug per tree at the top in June 2014 and January 2015, but were lower in October 2014
and June 2015, with about 1 bug per tree. At the bottom of the transect (1,000-1,100 m
asl), densities were around 0.1 bug per tree and were slightly higher in June 2014, when
compared to the other periods. In the cold season, populations of A. thunbergii reached
12.5 bugs per farm, which was significantly higher, compared to the warm dry season

(6.6 bugs per farm) (x> = 63.2, df = 68, P < 0.05).
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Figure 5.2 Observed Antestiopsis thunbergii populations (total number of bugs on 15
coffee trees) in relation to elevation on Mt. Kilimanjaro transect for the different
evaluation periods. (A) June 2014, cool dry season, (B) October 2014, short rainy season,

(C) January 2015, warm dry season, (D) June 2015, cool dry season.
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Figure 5.3 Distribution of Antestiopsis thunbergii populations (mean density per tree)
over the elevation transect on Mt. Kilimanjaro, for the different evaluation periods. (A)
June 2014, cool dry season, (B) October 2014, short rainy season, (C) January 2015,

warm dry season, (D) June 2015, cool dry season.
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Risk indices under current temperature

Mean current temperature measured with data loggers varied in the range of 18-23°C
from the top to the bottom of the transect. Maps of risk index distribution showed that the
establishment risk index is clearly linked to elevation with the lowest values (ERI = 0.47)
at the bottom of the transect and the highest values (ERI = 0.59) at the highest elevations
(Figure 5.4A). By contrast, the generation index is higher in the lower zone of the transect
(Gl = 3.17) when compared to the top (GI ~1.91) (Figure 5.4B). The activity index
follows a similar trend with Al ~ 4.84 at the bottom and AI~ 2.94 at the top of the transect

(Figure 5.4C).
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Figure 5.4 Distribution of establishment risk index (ERI), generation index (GI) and
activity index (Al) of A. thunbergii on Mt. Kilimanjaro elevation transect calculated from
the temperature dependent-development models under current (2013) and future (2055)
temperature conditions. (A) ERI, (B) Gl and (C) Al under current temperature; (D) ERI,
(E) GI and (F) Al under future temperature projections; (G) ERI, (H) Gl and (1) Al
absolute difference between future and current temperature conditions.
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Change in risk indices under future temperature

Minimum temperature predicted for 2055 will be higher than temperature we measured
in 2013 across the transect by 0.1-0.3°C, whereas maximum temperature predicted for
2055 will be higher by 0.6-1.8°C (Table 5.1). Change in temperature varies with elevation
but there is no clear pattern in the variations. Under future temperatures, the ERI will
change across the transect with differences ranging between -0.09 and 0.13 at the bottom
and top of the transect, respectively (Figures 5.4D and 5.4G). The ERI will significantly
decrease at elevations between 1,000 and 1,100 m asl (1,000 m asl: W = 210, P < 0.0001;
1,200 m asl: W = 206, P < 0.0001), it will remain unchanged between 1,200 and 1,400 m
asl, and will significantly increase between 1,500 and 1,700 m asl (W = 210, P <0.0001
for 1,500, 1,600 and 1,700 m asl) (Figure 5.5A). The GI will change with differences
between -0.19 and 0.94 from the bottom to the top of the transect (Figures 5.4E and 5.4H).
It will remain unchanged at elevation around 1,000 m asl (W = 138, P = 0.1089) and will
significantly increase for elevations between 1,100 and 1,700 m asl (1,100 m asl: W =
202, P = 0.0001; 1,200 m asl: W = 210, P < 0.0001; 1,300 m asl: W =171, P = 0.0068;
1,400 m asl: W = 203, P = 0.0001; 1,500 m asl: W = 209, P < 0.0001; 1,600 and 1,700 m
asl: W =210, P <0.0001) (Figure 5.5B). The Al will change in a range of -0.37-1.33 from
the bottom to the top of the transect (Figures 5.4F and 5.41). The Al will decrease at
elevations of 1,000 and 1,100 m asl (1,000 m asl: W = 162, P = 0.0166; 1,100 m asl: W =
160, P = 0.0200) and will increase significantly for elevations between 1,200 and 1,700
m asl (1,200 m asl: W = 201, P <0.0001; 1,300 m asl: W =169, P = 0.0084; 1,400 m asl:
W = 203, P = 0.0001; 1,500 m asl: W = 210, P < 0.0001; 1,600 m asl: W = 210, P <

0.0001; 1,700 m asl: W= 210, P < 0.0001) (Figure 5.5C).
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Table 5.1 Predicted change in minimum and maximum temperatures (mean + SD) between current (2013) and future (2055) climatic
conditions on selected locations along the Kilimanjaro transect. The current temperatures were recorded using iButtons Hygrochron

data loggers in the selected locations and future temperatures obtained from AFRICLIM 3.0 climatic projections of RCP 4.5 scenario.

Elevation (m) Coordinate (°) Minimum temperatures (°C) Maximum temperatures (°C)

Longitude Latitude Current Future Difference  Current Future Difference
1081 37.461845 -3.357280 17.18+1.29 17.28+1.23 0.10+0.74 28.59+3.47 30.42+2.56  1.83+1.20
1249 37.474743 -3.341794 16.67+1.31 16.78+1.18 0.11+0.28 29.53+3.72 29.63+2.39  0.10+1.43
1419 37.469891 -3.327607 15.31+1.48 15.58+1.14 0.27£0.52 27.41+2.78 27.98+2.38 0.57+0.84
1533 37.465210 -3.312971 14.60+1.44 14.94+1.29 0.34+042 26.58+4.20 27.34+2.32 0.76+2.91
1705 37.456239 -3.286082 13.85+1.44 14.02+1.34 0.17+0.56 25.58+3.29 26.34+2.14  0.76+1.50
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Figure 5.5 Change in risk indices for A. thunbergii populations of Mt. Kilimanjaro
transect between current (2013) and future (2055) temperature conditions, plotted against
elevations. (A) establishment risk index (ERI), (B) generation index (Gl), (C) activity
index (Al). * =P < 0.05, ** = P <0.001, *** = P < 0.0001.
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Discussion

Impact of elevation on population density from field observations

In the last decades, generalized linear models (GLMs) have been widely used in
ecological studies because of their ability to deal with different error structures associated
with occurrence data (Guisan et al., 2002). Also, they are more flexible and better suited
to analysing ecological relationships such as the relationship between insect distribution
and elevation (Guisan et al., 2002). In our study Poisson regression well predicted the
relationship between A. thunbergii populations and elevation. Our results showed that A.
thunbergii was present at all elevations of the study area with the highest population
densities at the highest elevations, whatever the climatic seasons. Our results confirm
those of previous studies reporting that A. thunbergii is present in coffee at elevations
between 1,000 and 2,100 m asl, with a preference for the highest elevations, especially
for the subspecies A. thunbergii bechuana (Greathead, 1966; Babin et al., 2018). In our
study, a mean density of 1 to 1.5 bug per tree was reported for elevation between 1,600
and 1,700 m asl across the different climatic seasons. In most countries of East Africa,
this density is considered as an economic threshold beyond which an intervention for
controlling the pest is required (Cilas et al., 1998; Bigirimana et al., 2012; Mugo et al.,
2013). Maximum density we obtained was a bit more than 3 bugs per tree at around 1,630
m asl. This is rather low when compared to maximal densities of 45 bugs per tree obtained
for the subspecies A. thunbergii ghesquierei in Rwanda by Foucart and Brion (1959).
Evaluation method used in that study was the “pyrethrum tests”, a knock-down technique
based on pyrethrum spraying. In our study, visual counts on coffee trees may have led to

underestimated densities, since the bugs tend to hide between berries or on the underside
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of the leaves. However, our results also suggest that densities of A. thunbergii could have
been higher on the transect at elevation above 1700 m asl if coffee had been present.

In our study, high variation in A. thunbergii density was observed even between farms
located at similar elevations. This indicates that, besides elevation, other crucial factors
were involved in the infestation level. Some ecological traits of A. thunbergii suggest that
the bug prefers cool environments; populations are usually more abundant in bushy coffee
trees and in shaded plantations, especially at medium and low elevation (Kirkpatrick,
1937; Mugo et al., 2013). Our study area is characterised by agrosystems known as
Chagga home gardens, where vegetation usually develops in four layers: big trees for
fruits, wood and shade, banana trees, coffee trees, and maize and/or vegetables at ground
level (Hemp, 2006). Such complex systems lead to a wide range of shade and
microclimate conditions, which may explain the variation we obtained in the bug density

for similar elevations.

Our results also showed that A. thunbergii populations varied between seasons, with the
highest populations in June, during the coolest period of the year. During our field
surveys, additional observations revealed that all the development stages, from eggs to
adults were present on trees during this period, whereas eggs were not observed during
the warmer seasons. These results are consistent with report from Van der Meulen and
Schoeman (1990), who recorded higher populations in the cold season, for the same
species in South Africa. The authors suggested that in addition to lower temperatures,
coffee fruiting cycle might have been involved in the bug seasonal variations. More
specifically, the presence of green berries on trees might have favoured immature stage

survival and development. This explanation may be valid in our study since coffee trees
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bore developing green berries in June, whereas from October to December, berries

ripened and were harvested (personal observation).

Modelling infestation risk under current temperature

Several bioclimatic models such as BIOCLIM, CLIMEX and MaxEnt (Busby, 1991;
Phillips, 2005; Sutherst et al., 2007), have been adapted for predicting the distribution
and abundance of insect species, based on field and/or laboratory data (Beaumont et al.,
2005; Jaramillo et al., 2011; Booth et al., 2014; Fand et al., 2014). These models use
occurrence points of the species to predict, based on bioclimatic variables, its distribution
over a broad geographic area (for example, at global, continental or regional scale).
However, in our study, we used ILCYM software to predict the distribution of A.
thunbergii at a local scale, namely over an elevation transect of a few dozen square
kilometres. ILCYM software uses a deductive approach of modelling, incorporating the
detailed knowledge of the pest life history from laboratory experiment to predict where
the species can occur. Also, the software is able to predict the pest distribution at a very
small geographical scale, which provides efficient information for risk mitigation
strategies that need to be implemented at local scale. Nevertheless, the main limitation of
ILCYM is that the software uses only temperature variable to predict the pest distribution
and does not incorporate other climatic variables such as rainfall and relative humidity.
Future versions of the software should consider such variables to improve prediction

accuracy.

The first index, the ERI, characterises the area suitable for the survival and establishment
of an insect. The ERI is computed based on survival of immature stages and has a range
of 0 to 1. In our study, the ERI for current temperature ranged from 0.47 to 0.59. This
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result suggests that A. thunbergii immature stages are able to survive all over the transect
for half the year, at least. This result also indicates that the bug distribution may not be
limited to elevation range of the transect. In fact, the relationship we observed between
the ERI and elevation suggests that areas above 1,700 m may be even more favourable
for A. thunbergii establishment than the areas covered by the transect. Such assertion is
supported by previous studies reporting that A. thunbergii is more common in Arabica
coffee at the highest elevations that can reach 2,100 m asl in East Africa (Greathead,

1966).

In the study by Azrag et al. (2017), the temperature-dependent mortality models showed
that the constant temperature range of 22-24°C was optimal for the survival of all A.
thunbergii immature stages. This range matches the mean annual temperatures for the
elevations between 1000 and 1300 m asl, where the ERI was the lowest in our study. This
contradictory result is linked to the fact that the ERI calculation uses daily minimum and
maximum temperatures. Thus, extreme daily maximum temperatures observed at the
lowest elevations of the transect may be lethal for the bug immature stages, leading to
low ERI. This is supported by the study of Ahmed et al. (2016), who recorded a mortality

rate of 89 % at 30°C for immature stages of the bug.

The second index, the GI, estimates the mean number of generations per year. The Gl is
computed based on the generation time (T) and does not take survival into account. In our
study, the GI decrease with increasing elevation is linked to the relationship between
insect development time and temperature. For temperatures allowing survival of at least
some individuals, an increase in temperature invariably shortens insect development, as

demonstrated by Azrag et al. (2017) at constant temperatures for A. thunbergii in a
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temperature range of 18-32°C. In our study, Gl ranged 1.9-3.2 generations per year from
the top to the bottom of the transect. When maintained at constant temperature, the bug
was able to have 2.6 generations at 19 °C to 4.4 generations at 25°C generations per year
(Azrag et al., 2017). The field study by Van der Meulen and Schoeman (1990) reported
up to 4 overlapping generations per year in South Africa. However, our results suggest
that in our study area, it is unlikely that A. thunbergiii populations would be able to reach
4 generations per year considering the low risk of establishement at low elevation.

The third index, the Al, indicates the potential population growth and is an indicator of
the pest severity and spread risk. The Al is computed based on the finite rate of increase
(A), which is the exponential of the intrinsic rate of increase (rm). As such, the Al takes
the whole life cycle of the pest into account. Our predictions revealed that the Al
distribution was very similar to that of the Gl with a decrease in values from the top to
the bottom of the transect. This can be explained by the results obtained by Azrag et al.
(2017) for simulated life table parameters. In this study, intrinsic rate of increase and
generation time varied in an opposite trend with an increase of temperature in the range
18-23°C. This range matches with temperature range of the transect. It is then consistent
that the Al and the GI showed similar distribution on the transect. Also, results from
Azrag et al. (2017) suggest that the Al reached its highest value in the bottom of the
transect and should have decreased for lower elevations, contrary to the Gl. In our study,
the Al ranged 2.94-4.84 from the top to the bottom of the transect. According to Al
formula (Kroschel et al., 2013), these values mean that the bug population may potentially
grow by a factor of = 870 at the top and = 69,200 at the bottom of the transect, if

temperature was the only factor involved in population variation.
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Comparison between risk indices and current distribution of the pest

In this study, the ERI and the pest populations had similar distribution and a close
relationship to elevation on the transect. By contrast, the Gl and the Al indicate an
opposite relationship with elevation. The ERI is therefore the best index to predict A.
thunbergii distribution at a local scale. Similar results have been reported in similar
studies conducted on other pests at world scale, like the potato tuber moth Phthorimaea
operculella (Zeller) (Kroschel et al., 2013) or fruit flies Ceratitis rosa Karsch and
Ceratitis quilicii De Meyer (Tanga et al., 2018). In addition, our results suggest that
immature stage survival is a crucial parameter of the pest distribution. Immature stage
susceptibility to high temperature that may occur during the hottest hours of the day may
be one of the main factors preventing the pest from establishing in plantations at low
elevation. This is supported by the fact that A. thunbergii adopts behaviours aiming at
avoiding highest temperatures: the pest is usually more active in the morning and in the
evening and avoids direct sunlight during the day by hiding in the leaf cover or between
berries (Babin et al., 2018). Susceptibility to desiccation, which is also linked to sunlight
exposure, cannot be ignored, and more studies are needed to understand the impact of

moisture on antestia bug development.

In our study, A. thunbergii was found all over the transect for the three different seasons.
Clearly populations were small in the bottom of the transect, but some individuals were
recorded around 1200 m asl even during the warm season which is not favourable. This
suggests a permanent establishment of the bug throughout the year on the transect. A
permanent establishment should match with an ERI close to 1. However, in our study, the

ERI ranged 0.47-0.59. This contradictory result has already been reported in other studies
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for other pests at world scale, where the ERI value for permanent establishment was either
> 0.6 (Tanga et al., 2018) or > 0.8 (Kroschel et al., 2013). In our study, it seems that an
ERI > 0.5 is enough to illustrate a permanent establishment of A. thunbergii. As already
mentioned above, highly diversified coffee systems in our study area lead to a large
variety of microclimates and it is likely that the bug finds favourable temperature
conditions even at the lowest elevations. Another disputable result in our study is the
mismatch between the high Al values we obtained, illustrating high potential growth rates
for the bug populations and low densities globally observed in coffee. The issue of the
counting method has already been mentioned but factors other than temperature were
undoubtedly involved in the limitation of the bug population. The most important limiting
factor for antestia bugs is probably the pressure of natural enemies, especially egg
parasitoids. Most field surveys reported egg parasitism rates in the range of 40-95 % and
rates exceeding 80% were not rare (Babin et al., 2018). An interesting study may be to

assess the impact of temperature on egg parasitoid development.

Change in risk indices with temperature increase

Our predictions showed that by the year 2055, A. thunbergii will still be present in
Arabica coffee plantations along the study area. However, the infestation risk will change
with rising temperature. Unsurprisingly, at low elevation an increase in temperature will
lead to a decrease in the ERI. This decrease is estimated at 4-12% at elevations between
1,000 and 1,100 m asl. A more surprising result in our study is the ERI increase at the top
of the transect, which is estimated at 8-14% for elevation between 1,500 and 1,700 m asl.

One of the reasons may be the reduction of periods of the year with low temperatures
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lethal for A. thunbergii immature stages. Azrag et al. (2017) recorded high mortality rates
for the bug nymphs, especially between the 2" and 5% stages, for constant temperatures
between 16 and 18°C. However, this result should be considered with caution since

current and future temperatures are not measured the same way in our study.

As mentioned above, the Gl reflects the impact of temperature on insect development
time and does not take mortality into account. It is therefore not surprising that the GI is
expected to increase all over the transect with rising temperature. By contrast, the Al is
expected to decrease at the bottom of the transect. This result confirms our assumption
that, for current temperature, the Al reached its highest value at the lowest elevations. An
increase in temperature may therefore lead to a shift of the Al highest values from low to

higher elevation.

Globally, our results suggest that an increase in the risk of infestation by A. thunbergii is
expected for coffee at high elevations. Several studies showed that rising temperatures
will highly influence coffee production in eastern Africa. For example, in Tanzania,
suitable areas for coffee growing are expected to shift from 1,000-2,000 m asl to 1,300-
2,300 m asl due to temperature increase of 1.9-2.6°C (Hemp, 2006; Davis et al., 2012;
Craparo et al., 2015; Ovalle-Rivera et al., 2015). Therefore, a reduction in antestia bug
infestation at low elevations as demonstrated in our study will have limited consequences
for coffee production in the future. By contrast, our results suggest that A. thunbergii will
be able to follow the shift in coffee production area and will threaten renowned Arabica

coffee at the highest elevations, as it does today.
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Conclusions and recommendations

In conclusion, the temperature-based models and related risk indices we used in this study
allowed the prediction of A. thunbergii distribution as impacted by elevation. Immature
stage susceptibility to extreme temperatures has proven to be a crucial factor limiting
population growth. Other biophysical factors, such as shade, farmer practices, moisture,
coffee phenology or natural enemies are undoubtedly involved in the pest population
dynamics. These factors could explain the high variation in A. thunbergii populations we
obtained from field observations. Therefore, we recommend further field studies to
elucidate the relationships between these factors and A. thunbergii population dynamics.

Such understanding would help refine predicting models for this major pest of coffee.

In the future, infestation by the bug will remain high at high elevation and the bug will
be able to follow the shift of coffee areas to higher elevations. Coffee farmers of east
Africa highlands have to be ready for that. Our results strengthen one of the current
recommendations for the control of antestia bug: a good pruning of the coffee bushes.
Good pruning practices enhance producing branches exposure to sun and improve
productivity. In addition, these practices are detrimental for antestia bug development
because they expose the pest to extreme temperature conditions, which can be lethal,
especially for immature stages. Shading coffee is a valid recommendation to mitigate
temperature increase and control some pests that prefer warmer conditions, like the coffee
berry borer. For antestia bug, shade management recommendations should take elevation
into account, since they can have opposite effect on pest infestation depending on the

global climate of the target area.
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CHAPTER SIX

General conclusions
Preceding chapters in this thesis have described the distribution and life history traits of
three major insect pests of Arabica coffee in East Africa, namely, the Antestia bugs,
Antestiopsis spp., the coffee berry borer, Hypothenemus hampei and the African coffee
white stem borer, Monochamus leuconotus. Despite their significant effect on coffee
production (Tapley, 1960; Jaramillo et al., 2009; Azrag et al., 2017), it appears that the
recommended control measures against these pests are not effective enough to limit the
damages they cause on coffee plantations. This might be a consequence of the insufficient
knowledge on the biology and ecology of these pests, which were poorly documented in
the past. Developing control measures against coffee pests in the future needs to
incorporate the life history traits and ecology in order to result in effective control
strategies adapted to specific agro-ecological zones of coffee growing in east Africa.
Thus, an extra effort is needed in order to better understand the biology, ecology, and
future distribution of these pests. It is in order to contribute to this effort that the work
presented in this thesis was conducted. This section summarises the key findings from all
chapters by bringing together the life history traits, seasonal variation and factors that
affect the populations, and future potential distribution of the three pests, and highlights

research areas for the future.

Findings from chapter two described the relationship between temperature, and H.
hampei life history parameters, and provided the thermal thresholds for the pest’s

development. For the first time, the complete life cycle of H. hampei, from egg to adult,
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was monitored by direct observation, using a novel observation method. The results
showed a complete development at temperatures between 18 and 30°C. Linear and
nonlinear models revealed that all immature stages of H. hampei could develop at
temperature ranges of 13-32°C. Wang 2 function predicted that 23°C is an optimum
temperature for all immature stage survival. This temperature is similar to the mean
annual temperatures for elevations between ~1,100-1,400 m asl, where H. hampei causes
the highest damage to Arabica coffee in east Africa under present climate conditions
(Jaramillo et al., 2011). Considering the impact of global warming, shifting ranges by H.
hampei populations to higher elevations are expected by the year 2050, with an increase
in the number of generations per year (Jaramillo et al., 2009; 2011). However, the
relationships between H. hampei s distribution and elevation, with the temperature being
that main factor was not clearly elucidated. Understanding this relationship could help to
develop control strategies adapted to specific agro-ecological zones where coffee is
grown. Therefore, findings from chapter two with the incorporation of oviposition model
and validation under fluctuating temperatures can help better understand the distribution
of H. hampei over an elevation gradient and predict the potential areas for its future

establishment.

For the first time, the complete life cycle of M. leuconotus was studied and the population
growth parameters were simulated at different constant temperatures. The egg incubation
period ranged between 10.8 and 44.8 days in the temperature range of 15-30°C. However,
the results showed that the larva stage needs at least one year to complete its development
to pupa at temperatures below 25°C. This was shorter than findings of Tapley (1960),

who reported approximately two years (20 months) for the larval development under field
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conditions. Linear and nonlinear functions predicted a wide range of temperature (10-
40°C) for the M. leuconotus development, with 23-23.9°C being the optimum
temperatures for immature survival. Linking this to the field infestation in east Africa, it
has been reported that M. leuconotus infestation is higher in full shaded coffee plantations
at elevations between 1,500 and 1,800 m asl (Jonsson et al., 2015). At these elevations,
the average temperature is lower than 23°C, especially in full shaded coffee plantations.
Thus, the reason behind the high infestation of M. leuconotus in shaded plantations is not
clear. The life table parameters showed that the highest population growth of M.
leuconotus occurs at temperatures between 26 and 28°C. Thus, the rising in temperature
might increase the infestation of this pest by shortening its life cycle, which may result in
potential population increase. Therefore, the results presented here can help better
understand the life history of M. leuconotus and predict its distribution over the elevation

gradient in the light of climate change.

To mitigate the effect of rising temperature on coffee plantations, growing coffee under
shade has already become a widespread practice by coffee farmers (Beer et al., 1998;
Albertin & Nair, 2004). Shade reduces the daily extreme temperatures on coffee trees,
hence provides a suitable microclimate for the production of beans. However, findings
from chapter four showed that high shade density influences the populations of antestia
bug by increasing the infestation level of A. thunbergii and reducing those of A.
facetoides. These results were aligned with a previous study by Mugo et al. (2013), who
reported high infestation level of A. thunbergii in shaded coffee compared to full sun
plantations on the slope of Mt. Elgon, Kenya. Providing coffee with shade trees will still

be a valid recommendation to mitigate the negative effect of climate change. High shade
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can be applied especially in areas such as the Aberdare range, in Kenya, where A.
facetoides and H. hampei are the main problems in coffee production beside the rising
temperature. However, to minimise infestation risk by A. thunbergii, findings of chapter
five recommend good pruning practices that improve coffee productivity and expose A.
thunbergii immature stages to extreme temperatures that can be lethal. Also, coffee
pruning offers favourable conditions for parasitoids of A. thunbergii by favouring access
to different developmental stages of the pest, especially eggs (Mugo et al., 2013; Babin

etal., 2018).

Despite the positive and negative effects of shade on A. thunbergii and A. facetoides,
repectively, the seasonal variation of both species in coffee plantations had a similar trend
with a population peak between July and August. Understanding this dynamic could help
farmers to target both species in coffee plantations at the same time, especially when
applying control measures such as insecticide sprayings. A number of studies
(Kirkpatrick, 1937; van der Meulen & Schoeman, 1990; Azrag et al., 2017) pointed out
that food availability could play a more significant role in the ecology and population
dynamics of A. thunbergii in comparison to climatic factors such as temperature. This
was proven by findings of chapter four which reveal that the availability of the green
berries on coffee trees was the key factor explaining the high level of populations of both
species. Interestingly, when the green berries became ripe, the populations of A.
thunbergii and A. thunbergii decreased in coffee farms. Thus, supporting the findings of
Njihia et al. (2017; 2018) that showed that the responses of second instar nymphs of A.

thunbergii are attracted to odours from mature green berries but avoided odours from
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riped ones. These two findings provide trapping and prevention tools to control antestia

bugs in coffee plantations.

Chapter five of this thesis highlighted current and future distribution of Antestiopsis
thunbergii as influenced by elevation in order to assess the risk under climate warming.
Findings showed that population density of A. thunbergii was higher at higher elevations
under current climate conditions, a prove that this pest prefers cooler habitats. This was
in agreement with the report of Kirkpatrick (1937) who have shown that A. thunbergii
mostly attacks coffee plantations at higher elevations. Although it is a tropical pest, the
reason for its preference to cool habitats has eluded researchers. However, it has been
demonstrated that, susceptibility of immature stages to extreme temperatures is one of the
key factors that limit the population (Azrag et al., 2017), especially at lower elevations,
where daily temperatures can be as high as 30°C. Population densities of A. thunbergii
varied even on farms located at the same elevation that were sampled in the same season.
The reasons behind this could be linked to the variation in shade intensity as highlighted
in chapter four. Thus, farmers’ practices and the phenology of coffee varieties need to be
investigated further. In contrast, results from chapter four showed that A. facetoides have
preferences for low elevations (below 1,600 m asl). This suggests a preference for warmer
climate by A. facetoides compared to A. thunbergii. Since A. thunbergii and A. facetoides
are two closely related species which sometimes co-occur together on the same
plantations, future studies should focus on the thermal biology A. facetoides and

investigate reason behind its preference for low elevations compared to A. thunbergii.

In the light of global warming, rising temperature will have a potential impact on the

distribution of A. thunbergii. The infestation risk will be higher at the highest elevations
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(1,500-1,800 m asl) in the future, with an increase of one generation making it possible
for the A. thunbergii to have at least two generations in a year. In addition, the renowned
Arabica coffee production will also be directly influenced by increases in temperature,
which will result in yield reduction and shifting of suitable production areas to higher
elevations (Davis et al., 2012; Ovalle-Rivera et al., 2015). It is possible that A. thunbergii
will be able to follow the shift in coffee production areas and will continue to threaten the
production of Arabica coffee at the highest elevations, as it does today. In the case of H.
hampei the most devastating pest of coffee worldwide, it is expected to expand its range
up to 1,800 m asl, as a result of rising temperature (Jaramillo et al., 2009; 2011). Taking
all of these results into consideration, the potential threat to Arabica coffee production in
east Africa is expected in the future especially at elevations between 1,500 and 1,800 m
asl. Therefore, mitigation of the risk of climate change on coffee production is needed to

minimise the pests risk.

In conclusion, this thesis brings valuable contributions to the understanding of how global
warming will potentially affect A. thunbergii distribution and added to our knowledge of
the life history traits of H. hampei and M. leuconotus. Thus, future research could focus
on using these results to map the impact of climate change on these pests and developing
control measures adapted for specific agro-ecological zones. Also, the effect of
microclimate on the infection of coffee pests must be carried out in order to develop some

efficient control strategies.

However, this thesis has some limitations: modelling the life history traits of insect
species using ILCYM requires data quantity and quality. Collecting this data is often

demanding and time consuming especially for insects that have a long-life cycle such as
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M. leuconotus. In chapter two, deformation of M. leuconotus larvae, pupae and adults, as
well as the high mortality rate of immature stages, was observed. This might be due to
inbreeding in the colony that was used for the experiments. As a result, the number of
females obtained for fecundity assessment at different constant temperatures were
relatively low. Besides, the use of artificial diet accelerated the development time of
immature stages compared to those observed in coffee wood. Therefore, the life table
parameters obtained for M. leuconotus might not necessarily be a reflection of what
happens in the field and thus should be considered with caution. Another limitation from
this work is that the software (ILCYM) used to predict the future distribution of A.
thunbergii considers temperature only as a factor that influences the distribution and
abundance of the pest. This is because the software uses the life history of the insect
species which is assessed through laboratory experiments in incubators and measuring
other climatic factors such as relative humidity and rainfall for the insect development is
rather difficult. The effects of these factors should be quantified and included in the model
for to enhance its accuracy for the detection of A. thunbergii ’s distribution and abundance
under field conditions. Despite the homogeneity of coffee farms that were selected to
assess the seasonal variation of antestia bugs and factors that affects their population
dynamics, controlling farmers practices was challenging, especially pruning and
pesticides applications that might have influenced the results obtained. In addition, shade
level (low, moderate and high) on coffee farms was visually measured and this method
has lower accuracy compared to other methods such as measuring the shade using leaf

area index.
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