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DISCLAIMER

Any part of the herein presente®lEZ model and model parametersaswell asthe climate
change scenariossed, maye modified or replacedin the lightof improved knowledge
and/or changed objectives.

The designationemployed and the presentatiohthe material in this documentdo not
imply the expression whatsoevem the part of IIASA concemingthe legal or
constitutional statusf any seaarea orconceminghedelineationof frontiers.
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SUMMARY OF RESULTS

Kenyais endowed witha wide range of agro-ecologicalconditions,varying from
hot arid lowlands tocool humid highlandsAs expected, the results the impact analysis
of climate changeand increasesof atmospheric carbon dioxide, therefore shawvide
spectrumof impacts onland resourcesnakeup and agricultural production.At the sub-
national level resultsof impactson agricultural productivity vary substantiallypoth in

terms of magnitudeand direction.

At present, agricultural productiom the low altitude areasn Kenyais mainly
constrained by water availability, highland arease constrained bylow temperatures
and locally by water availability, whilein partsof central and western Kenya rainfah

exces®f optimal levels occurs.

Rising temperatures, without corresponding increases in precipitatidralance
the increased plant water requiremertse to higher evapotranspiration madad to
dramatic reductionsin agricultural production potential, especialljn eastern and
southern Kenyaj.e., in parts of Eastern provinceNorth-Eastern province andCoast
province. In central and western Kenya temperature increasgsuld result in larger
extentsof lands with cultivation potential, because some higher altitiateas would
become suitablefor cropping. This, together with potentialsfor higher cropping
intensitiesin these highland areas, mothan outweighs effectsof diminishedmisture
conditions, eveim scenarios assumingo changein precipitation.Under suchconditions
in the presently humidareas (>270 days of growing period), diminished wetnessan

instances, could reduce the potentrapactof pestand disease constraints.

Resultsof the impactassessmentiggest that the nationallevel food productivity
potential of Kenya may welincrease with higher levelof atmospheric CO, and climate
change induced increasastemperature, provided this is accompani®gdsomeincrease
in precipitationas predicted byeveral global circulation modelsif no balancedincrease
In precipitation were to take place then the impacbn agricultural productivityin the

semiarid partsof Kenyacould be devastating.

Althoughland productivity in Kenyaas a whole appears mostikely positively

affectedby climare change, impacts vary considerably dependamglocation. Negative



impactsare expectedto occur in Coastprovince andNorth-Eastern provinceThe inain

reasonsbeing:

e Exceedingptimal temperature ranges for photosynthesisl growth;
e Shorteningof cereal growthcycles and periodsof yield formation;

e lizcreasedwater stress.

For Central province, Nairobi area,important partsof Easternprovince,Nyanza
province and Westernprovince the impactsare mostly positive. However,somenegative
irnpactsin westernKenyamayoccurdueto pest anddisease damage amgorseningof
workability conditionsdue to increased wetnes3.he highpotential agriculturallandsin
centraland westernKenyawill dominatethe agricultural production potentiadven more
under projected climate changecoizditions.The main reasonsof positive impactsappear

to be:

e Temperatureincrease in the mid/high altitudes, enlarging thearea with crop
production potential;

e lizcreasedcropping intensity potentials;

e CO; fertilization.
In Rift Valley province, comprising of a wide range of thermal and moisture

conditioizs,iinpacts are mixed. Negativeiinpactsare. for instancegxpectedin Laikipia

and Narok whilepositiveiinpactsare anticipated in Nakuruand WestPokot.

Despiteof overall positiveeffects for Kenyaasa whole, impact®f climate change
on land productivity nzayintensify regional disparities.Therefore, preparednessdsitical

in order to:

e take advantagef potentialblessingsf climate changeand increasedatmospheric
CO, concentrations

o mitigate likely negative impacts low-lying and semarid areas;

e cope with the socio-economic consequencef changing patterns of land
productivity.

Theseobservationsare consistentwith shortand medium ternctonsiderations for
sustainable development, emphasizing the critical need for careful planning and

protectioizof high potentialareas.

4]



CHAPTER 1
INTRODUCTION

1.1  Background

Thereis amplescientific evidence that global climate is gradually changingand
not theleast as resulof increasinglevels of atmospheric greenhougases duéo human
activities, notablyfossil fuel burning(IPCC, 1996a). It hasalso becomeclear that the
expected changeis climate will alter agricultural potentials various agreecological
regionsof the world.The projectedincrease of atmospheric carbodioxide CO, will result
in enhanced potential agricultural productivitgndimprove the efficiencyf wateruseby
various crops. The effectof global warming will extend agreecological potentials
polewards andinto higher altitudes. These positive effects, howewneiy be undercutby
altered temperature conditions. amouatsl distribution of precipitation, evaporation
patterns, radiation regimes, and indirect effemisland productivity such as increased
impactsof pestsdiseases and weeds.In the long term, these changes climate pattems
will significantly alter land potentiafor producing foodand otheragriculturalandforest

products.

A numberof initiatives on climate changehave begun tocompile assessmentsf
climate changeand itspotential impacbn agriculture For example the Intergovernmental
Panel on Climate Change(IPCC)hasbeenconductinga reviewof available datandmore
in-depth studies are beingurried out by the Commissiornof the European Unionthe
United States Environmental Protectidxgency (USEPA) and the Organization for
Economic Cooperationand Development (OECD). Furthework on impactsof climate
changes being conductedby the International GeospheBiosphereProgramme: AStudy
of Global ChangdlGBP).Country case studiem the potential impact®f climate change
on agriculturehave beencompiled fora growing numbepof countriese.g., Australia, the
Commonwealth of Independent States, Egypt, Finland, Indonesia, Malaysia, the
NetherlandsNew Zealand, Norway, Thailandhe United Kingdom, the United States

America,andVietnam.

These initiatives differ markedly their baseline data, method®f analysis,and

scenarioof climate change.The majority of these studiedave been basedon climate



change experimentvith generalcirculation models(GCM), but often do not applythe
same scenarios ando not shareacommonimplementation strategy. Mosof thesestudies
have relied on both field-level resultsof crop model experimentsand regional shiftsin
agroclimatic indices. Although resultsve enabled regional changésvegetation zones
to be mappedthe equivalent changet® agroecologicalpotentialon a more global scale

hasyet tobecompiled.

In addition,thereare afew key areas relatetb a shifting agricultural potential that
have not beenaddressedt a global scale. Forexample few of the country studiedave
systematically mapped the possible shiftsagricultural potential fora wide varietyof
cropsand analyzedhe implications fornational development planningAl though these
studieshave contributedto a more detailed understandiraj the sensitivity of specific
crops to climate change,a more rigorous sensitivitypn such factors as technological
growth and developmenthave received fardess attention.In addition, few global studies
have directly addressedhe potential for adaptive responses sushcrop switching, the
developmenbf new varieties, expansioof the crops undercultivation, and changesof
cropping intensity. In general, the interplay betweenclimate change and other

environmental factors that affect sustainable develophsrtoften beenomitted.

In the next few yearsnew scenarioof climate changecan be expectedthat will
incorporate more realistic larmbver models, oceasmosphere interacticend improved
modelingof the hydrological cyclelt is hoped that next generationof GCM scenarios
will provide greater insight int@ritical variables for agriculturguchas the frequencyof
occurrenceof extreme events (drought, frostr heat),rainfall intensity and distribution,

andsolar radiation(accounting for changed cloudinessdaerosols).

This presentClimate Changeand Global Agricultural Potential Project’ intendsto
formulate methodologies thadllow incorporationof climate related factorsin land
productivity assessments. The methodologiaed applicationsto existing databases,
should allow scientists and policy makéosbetterassess present agricultural production
conditions and should enablethem to improve identificationof future agricultural
scenario®n national, regionaland globalscales As partof this projecta methodologyis
being appliedand tested using existingland resources databases for Bangladesh, Kenya,

Nigeriaandfor the World.



1.2 Agro-ecological zones approach

FAO has developed a methodological framework for assessmerds land
productivity which originally was designed for usen agricultural development planning

and naturalesources management.

Agro-ecological zoning (AEZ) involves the inventory, characterizationand
classificationof the land resourcesvhich are meaningful for assessmenfsthe potential
of agricultural production systemd.his characterizationof land resources includes
component®f climate, soils and landform,basicfor the supplyof water, energy, nutrients

andphysical supporto plants.

Cropsrequire heat, lightandwaterin varyingamountsThegeographic distribution
of crops ismainly governedby theseclimatic elements. Temperature, watand solar
radiationare key climatic parametersvhich condition the net photosynthesisand allow
cropsto accumulatedry matter accordindo the ratesand patternswhich are specific to
individualcropspecies. Cropbave specific temperature requirements foeir growth and
development,and prevailing temperatures seéhe limits of crop performancewhen
moisture (and radiation) requirements aret. Viceversa,whentemperature requirements
are met, the growtlef a cropis largely dependenbn how well the lengthof its growth
cycle matches thperiod when wateiis available.In the AEZ approach, thikas ledto the
conceptof the length-of-growing-period (LGP) which is defined as the period (in days)
during the year in which water availabilityand prevailing temperaturean sustain crop

growth.

Crop performance depends well on the availabilityof nutrientsin the soil, the
capacity to store water, and mechanical support focrops. Therefore, agreecological
zoning also includes an inventory of relevantsoil and landform characteristics. The
specific combinationsof climatic, soil and terrain inventories (i.e., land resources
inventory/database) form the basic unitsf analysisandare referredto asagro-ecological

cells (AEZcells).

Technical specifications (including managememithin a socio-economic setting
under whicha specificcrop isgrown have beendefined adand utilization types(LUT).

Crop suitability assessments) essence, are based on matching of crop specific



adaptability characteristicsand crop/LUT ecological requirements with the attributefs
individualAEZ cells.

The choiceof using the AEZ methodologgsthe pointof departure for developing
a climate impact assessment methodologgyy basedon the fact that AEZ is an
environmental approacthich providesa geographiadimension for establishing spatial
inventoriesand databasesn land resourcesand crop production potentialThe data
requirements are limiteandit uses readily available datathe maximum. Moreoveltt is
comprehensivan terms of coverageof factors affecting agricultural productioifhe
approach promiset be relevant for assessmera$ potential agricultural responsés

scenario®f climate change.

For selected countrieBAO has embarkedn country casetudiesin the contexof
the presentClimate Change and GlobalAgricultural Potential Project. Chapter 4
contains technical detailsf adaptations madéo the AEZ methodologies to enable
assessmentf agricultural potentials fowariousclimate changescenariosapplicablefor

the Kenyaclimate change impact case study.

For the Kenyacasestudy, existing AEZ inventoriesand databasesFAO/IIASA,

1993) were updatedand computer procedures expanded amhancedyresulting in the
following activitieswith regard to thenain stepsof AEZ procedures:

Selectionof GCM outputsfor the formulatiorof relevantclimate change scenarios for

Kenyafor ca.2030,2050and beyondnew);
» Selectionanddefinition of croptypes/LUTs (reviewed);
« Compilationof cropecological adaptability inventofupdated);
« Compilationof soil andterrain resources inventorgnddatabase (updated, expanded);
= Applicationsof various selectedlimate change scenarigaew);

= Application of AEZ water balancemodel at grid cell level to determinelocation
specific length, type and qualitf growing periodgnew);

Calculationof potentialnetbiomass angtield (enhanced with additional variables);

Assessmentf crop suitability(enhancedor application with updatedand expanded
land resourceglatabase);

Formulationof criteria for selectionof optimum crop combinations and rotations
(reviewed);

Assessmenbf land productivity under various scenario®f climate changeand
atmospheri€ O, concentrationgnew).



1.3  Sociceconornic setting

The socieeconomic settingvhich describesboth thestudy area(Kenya)and the
exposureunit (agriculture) is the contextin which the climatic impact assessment
methodology is applied anested. The settings fully describedn Onyeji et al. (1996).

Below someof thesalient features are summarized.

Kenyais largely an agricultural economy. The countty denominated into eight
administrative provinces including Nairoliachprovince. except Nairobi, is madgp of
districts divided further into smaller administrative urég., division, locationand sub-
location). Kenya's agricultural econonsydominatedoy small holderfarms, particularlyin
the Central, Eastern, Nyanza, Western, R¥alley and Coast provincesin 1961,
agricultural population accounted 88% of the totalpopulation.By 1990 this sharéas
declined to76%. Similarly,agriculture's contribution to gross domestic proq@DP)has
steadily declined over the yeaas)d so hasthe shareof the agricultural labor force the
total laborforce. With the gradual decline of the shareof agriculture populationrural
Kenyais also gradually urbanizing. Kenyalsbanpopulationis projected tancrease from
3.8 million in 1989to 6.4 million in 2000 atan annual ratef 4.8% (Republicof Kenya
1994a, 1994b). Inevitably, thisincrease in urbanization creates competition oviand
betweenagriculture anchumansettlementsAmong other problem®of Kenya agriculture
aretopsoil losses and degradatia@h vegetationdue tolow input, subsistence agricultural
management practicestimate changeis expected to bringgn added consequences

some positive, some negative.

Sustainable agriculturand food productionis a major agricultural development
policy of the Governmentof Kenya. This policysetout in various Kenya government
documents, stresséise importance of the agricultural sectowhich in 1990 accounted for
24% of Kenya's totalGDP, about 77% of total employmentin the economy,and also
earneda substantial amourdf foreign exchangel o attain self-sufficiency in food by the
year 2000, food commodity requiremendse projectedby the Kenyan Governmentas
follows: rice production shouldjrow at an annual rateof 12.5%; wheaby 7.8% and beans
by 6.8%; maize,sorghum/millet as well as milkproduction are each required goow by

almost 5.0%annually.



The present study assessesthe agricultural potential under climate change
conditionsbeyondthe currentpolicy targetyear 2000.The employed methodologwhich
is basedon the agro-ecologicalzonesapproachs particularly suitedo this problemssit
focusesn environmentakresourceghat are modifiable by climate changeand areessential

for understandingts long termimplications on the agricultural sector.



CHAPTER 2
CLIMATE CHANGE SCENARIOS

Scenariosof climate changewere developedn order toestimatetheir effectson
crop yields,extentsof land with cultivation potentialand the numberand type of crop
combinationsthat can be cultivated. Aclimate change scenaris defined asa physically
consistentset of changesin meteorological variablesbased on generally accepted
projectionsof CO, (and othertrace gases) levelsThe rangeof scenarios analyze
intended to capture the rangé possible effects ando set limits on the associated

uncertainty.

A numberof sensitivityand GCM-based:limate scenarios were prepared for urse
the AEZKenyaclimate changestudy. Two kinds of climate scenarios were developed.
First, several sensitivity experiments were defingdrying a single meteorological
variable such as monthly temperatures or rainfall. Simulations #eeke exploring the
potentialconsequencesf temperature increasetbetween 15°C.Similarly, precipitation
changeswere tested in the rangeof -10% to +1% of baseline conditions.Secondly,
several climate change scenariosvere constructed based on available results of
simulations with generalcirculation models. Three typed GCM based scenarios were

usedin the study:

2.1  DoubledCO; equilibrium experiments

Equilibrium experimentsdeterminethe steady stateof the simulated physical
climate system undebaseline and altered radiative conditions, usually equivaleata
doublingof current radiative forcing from greenhouse gases. Riithgure emissionsf
trace gasesand thepoint in time when their effectswill be fully realized arenot certain.
Because other greenhouse gases be€i@gssuch asnethanéCH,), nitrousoxide (N,0),
and the chlorofluorocarbong¢CFCs), are also changing,an ‘effective CO, doubling' has
beendefined as the combined radiative forciofgall greenhouse gases having taene
forcing as doubled}; (usually defined as600 ppm). DoubledCO, experimentdrom
three differeniGCMs were usedin the Kenyastudy: the models are those from Goddard

Institute for Space Studies (GISSHansenet al., 1983), from Geophysical Fluid



Dynamics LaboratorfGFDL) (Manabe& Wetherald,1987), and from United Kingdom
MeteorologicalDffice (UKMO) (Wilson & Mitchell, 1987).

2.2 Quasttransient equilibriumexperiments

The GISS Transient Scenario A (Hansen et al., 1988) consists of separate
equilibrium GCM runs calculated for transient increased atmosph{{; levels. In the
experiment,CO, concentrationsvere set at 405 ppm, 460 ppm and 530 ppm, and have
beenassociated respectivelyith year2010,2030and 2050.We have termedthese GCM
calculations quasiransient equilibrium experimentss they are quite different in their

characteristicérom themore recent experimentgith coupledoceanratmospherenodels.

2.3  TransientGCM experiments

Transientclimate change experimen&m to capturethe time-dependentesponse
of climate to time-dependent increasem greenhousegases, using coupled ocean
atmospheremodels. Becausef the thermal inerta of the oceans, temperatuliecreases
obtainedat the time of reaching a doublingf C(}; in theatmosphere armuchlower than
for correspondingdoubledCO, equilibrium experimentg4.0-5.2°C). Resultsfrom three
GCMs were used,providedto Working Groupll (seeTSU, 1994)for preparationof the
1995 IPCC Second Assessm&sport(IPCC,1996b): from theGFDL group(Manabeet
al., 1991), from the Max Planck Institute (MPI) (Cubascét al., 1992), and from the
UKMO (Murphy, 1995Murphy & Mitchell, 1995).

Threeclimatic parametergrom the GCM results weraused tomodify the baseline
climate conditionsof each gridpoint of the landresources databas&he difference in
temperature,between a GCM climate change run and the respectiveGCM control
experiment(assuming currendmbient atmospheric greenhouse gaacentrationlevels)
was addedo the mean monthly maximum and minimum temperaturesf the reference
climate asdescribedby the KARIVCIMMYT climate surfaces (se€hapter 4). Multipliers,
i.e., theratio betweenGCM climate changeand controlexperiment,were used toimpose
changedn precipitationand incidentsolar radiation, respectivelyConsequently, foeach
climate changescenario gridded surface$ monthly valuesof four climate parameters
weregeneratedmeanmonthly minimum and maximum temperature, monthly rainfaind

monthly solar radiationDueto lack of reliable informationwindrun was kept unchanged



from reference conditionsn all climate change scenarios. Relative humid{fgH) has
beenderived from regressiors actualRH datawith the otherclimatic parameter®sf the
baseline climate. For the different climate scenarios relative humiditig obtained through

applicationof this regression equatiomith thealteredclimatic parameters.

In accordance with the soil andterrain resources inventoryg 2 km by 2 km grid
sizewasused. Pixel valuesf climate change were spatially interpolated from the coarser
grids used in GCMs. Each sensitivity tesbor GCM basedclimate scenariois also
characterizedy level of atmospherioC(}; concentrationsand assumed improvemetin
wateruse efficiency. These parameters affect both the estimated reference
evapotranspiratioras well as parameterizationf the biomasscalculation procedures.
Table 2.1 (see Tables sectioat theendof the report) presents for thraaonthly periods
the rangesof changesof temperatureg"C), precipitation(%) and solar radiation (%),
scenario impliedlevels of atmosphericC{: concentrations(ppm)!, and assumedieaf

stornataresistance changé%) for the various scenarios applied.

I Evenin scenarios assumiradoublingof CO, equivalent concentrations carbon dioxitkelf doesnot doublesince
some oftheother greenhouse gasses are expdotidrease fasterthanCO,.



CHAPTER 3

EFFECTSOF CLIMATE CHANGE AND INCREASED ATMOSPHERIC
CARBON DIOXIDE CONCENTRATIONSON CROPPRODUCTIVITY?

Plant speciesvary in their response toCO, in part becauseof differing
photosynthetic mechanismC3 plants use ugomeof the solar energythey absorbin a
processknown as photorespirationin this processwhich occurs onlyin the light, a
considerable fractionof the carbon initially reduced from Ci): and fixed into
carbohydratess reoxidizedto CO,. C3 speciestendto respond readily to increasCil.
levels because photorespirationsuppressedh these conditions. Importamtrop plants
with the Cy photosynthetic pathway are wheat, rie@d soybeanlIn C4 plants,on the
other handCO; is trapped inside thieaf andthenconcentratedh thecells which carryon
photosynthesisTheseplants are more efficient photosyntheticalhan C3 plants under
presentCO; levels,butin crop experiments were less responsigeCO, enrichmentCy
plantsof economic importance include maize, sorghum, millet, and sugarcane. Due to
altered plant developmeit a CO,-enriched atmosphere thereforiC4 plantsmay be more

vulnerable to increased competition fraCy weeds.

Another important physiological effeatf C(: enrichmentis the closure of
stomatesthe small openingsn leaf surfacesthrough whichC(}; is absorbedand water
vapor released. Accordinglya rise in atmosphericC{}: may reduce transpiration even
while promoting photosynthesis. This dual effewty improve watetuse efficiencyThus,

by itself, increased (}: can increase yield andreducewateruseper unit of biomass.

Temperature, solar radiation, wat@nd atmosphericCO, concentration are the
main climate and atmosphericvaiiablesof importanceto plant productivity. There are
important differencesin temperature requirement&nd responseso concentration of
atmospheri€€0O, amongCs, C4 andCAM? plants.Also, mostof thecrop plants presently
usedin agriculture have been selectedand bredinto different varietiesfor producing
efficiently high yields under specific environmentaind farming systems conditions.

Nutrientsand watermay be augmentedsia fertilization andirrigation, while radiation and

¥ Summarizedaindadaptedfrom IPCC,WGlII, Second AssessmeReport(IPCC,1996b) and Rozemaet al. (1993).
3 Crassulacean acichetabolism



temperature are more difficult toontrol, in particular in large scale agricultural

operations.

Response®f plants toclimate changehave beenstudied in a large number of
experiments andn detailed modelingf basic processes. Result§ this research and
knowledgeof basic physical andbiological processes, togethavith research intathe
problemsof up-scalingof research results obtainatimicro level (e.g., individua]leaf) to
macraescales(e.g., farm field level for entire cropping seasonshave provided basic

understandingf directandindirect effectf climate changeon agricultural productivity.

Climate changewill most likely resultin new combinationsof soil, climate,
atmosphericconstituents solar radiationand pests, diseases and wee&ame of the
interactionsof temperature, moisture availabiligndincreasecd’(}: on plant growthhave
beeninvestigated througbrop response model3hesemodelshave beenwidely usedto
assesyield responsédo climate changeat manydifferent sites around the worlhd have
produced valuable insights these interaction&.g., Rosenzweig& Parry, 1994; Fischer
et al., 1996). However, detail®f the many different effectsof climate changesand
increased’(}: on crop production, acrossidely varyingconditions thaexistin different

agroecologicalregionsave yet tobesummarized.

3.1 Effectsof increasedi?: levels

Thereis generally agreement than increase of atmospheridCO, levels leaddo
increased crop productivityn experimentsC3 plants, likewheat andsoybeansexhibit
an increased productivitgt doubledC: concentrationsf about30%. Responséowever
dependson crop speciesas well as soil fertility conditions and other possibly limiting
factors.C4 plants,such asmaizeand sugarcane, shoa much less pronounced response
than theC3 crops, on the averagein the orderof 5-10%. In general, higher CO,

concentrationalso lead to improved wateuse efficiencyof bothC3 andC4 plants.

Established trendsf plant responses iacreasedCO, concentration®n the basis
of experiments,jn termsof plant growth,plant wateruse efficiency,and quantity and

quality of harvested producresummarized below:



Plant growth
C3 plants (temperateand boreal) showa pronounced response to increased,

concefnrations.

C4 plants (warm tropical) show only limited responseto increased CO,

concenrations.

Cy plantswith nitrogen fixing symbiontdend to benefit morefrom enhancedCO,

supplieghanotherC3 plants.

Photosynthesis rate increases occur immediately folloexppsureto increased"O,

concentrations.

Initial strong response is ofteaducedunderlong-term exposure to highe () levels;
experimeral evidence suggests thagrowth responsesvould belower for perennials

than for annuals.

Increasedeaf area productionasa resultof increasedateof photosynthesis, leads to
an earlier and more completelight interceptionand therefore stimulates biomass

increases.
Higher biomass requires higher energy supply for maintenance, expressagher
respiration, partly compensateg lower specific respiration.

Leaf turn-over rate increases duedelf shadingand decreasef specific leaf surface,

andboth tendto reduce photosynthegierleaf.

At higher CO, levels, plantgrowth damages inflictedby air pollutants, suchas
nitrogenoxides(NOy), sulfur dioxide(SQO;) andozone(03), areat least partly limited

becausef reducedtomatal opening.

Wateruseefficiency
IncreasedCO, levels reducestomatal conductanceand transpiration rate. However,
water consumptionon a ground area basis.e., canopyevapotranspirationyersus

consumptioron aleaf area basis is reporied to beich lessaffected.

The rangein wateruse efficiency(WUE) of major crops is fairly wide and most
distinct for C4 crops.Many studiesreportan increase in the wateruse efficiencyin

termsof dry matter produceger unitof watertranspired.



3.2

As aconsequencef reduced transpiratioteaf temperaturavill riseandmaylead to a
faster rate of plant developmenand considerablancrease in leaf area development,
especiallyin theearlycropgrowth stages.

Reduced transpiratioand resulting higher leaf temperature lead® an accelerated
agingof theleaf tissue.

Overall effects of leaf temperaturerise will dependupon whetheror not optimum

temperaturefor photosynthesis are approached or exceeded.

Harvest indexand qualityof produce

Biomassand yieldincreasedn almostall experiments under controllexnditions.

Dry matter allocation patterrie roots, shooindleaveshave beenobserved to change
differently for C3 an C4 crops.Root/shoot ratios oftenincrease under elevated"O,
levels, favoring rooaandtuber crops(andalso contribute tosoil organic matter build
up).

Increased("(): accelerates crop developmedtie to increasedleaf temperature
resulting from reduced transpiration, reducing the efficientybiomass orseed
production.

Thecontentof nonstructural carbohydrates generally increases uhigérC}; while
the concentrationof mineral nutrientsand proteinsis reduced.Food quality of leaf

tissuemay declineleading to anincreased requiremeat biomassy herbivores.

Effectsof changes inclimate variables

Current climate changescenarios predica warming of between1-4.5 degree

Celsius and changing precipitation patternsith generally increasing rainfall levels.

Changesn climatic variability are still uncertailanddiscussiorof its eventual effectsn

crop productivitywould be rather speculativeandthereforehasbeenomitted.

Trendsof plant responses to changeb temperature, precipitation, humidiand

(potential) evapotranspiration are summarized below:

Temperaturesffects
Temperature effects depend stronglyinteractionswith other environmental effects

such as elevated CO,. There appearso be a clear temperature effeadn CC:



fertilization, especially foIC3 plants,i.c., the processes respondirig increased”O,

tendto intensify with temperature.

Night-time temperatures are expectéal increase more than average temperatures.

This may resultin higher respiration losses fC3 andC4 plants.

Higher temperaturesave a positive effecton cropsof the CAM type, strengthen the
CO, fertilization effect,andimprove watetuse efficiencyof C3 andC4 plants unless

plantsget overheated.

Higher meantemperatures during thepld seasonallow earlier plantingand cause
earlier ripeningof annual crops. Reducéehgthof the crop growth duration generally
diminishes crop yields.On the other handthe reducedgrowth cycle durationof crops
in some cases migitad to more cropger year aneéxtensionof the growing season
for perennials.For annual crops. shorteningf the growing season isot fully
compensatedy a changed ontogenetic developmemid higher growth vigorat the
higher temperature. Therefoaeetyield lossis expected to occur. The duratiohthe
vegetative growth and the light interception duritng reproductive stages largely

defines the occurrena# netyield losses.
Temperature influenceke partitioningof dry matterandthe growth ratef biomass.

Higher temperatures;m mountainous areawill provide more plant growthat high

altitudes. Improved heat provisiovill also benefithigh latituderegions.

Higher temperatures might effect phenological developnwéntrops or induce
temperature stressds.g., risk of reversed vernalizatiom wheat, or therisk of

increased spikelett sterility rice).

Precipitation,humidity and evaporation

Climate changeprojections point toan intensificationof the hydrological cycle; higher
evaporation, humidity and precipitation. However, charigeseasonal precipitation
distribution andintensity,in mostinstanceswould affectcrop productivity morethan

changesn annual precipitation and evapotranspiration do.

Underequal temperatureconditions,increasedCO, levels mightdecreasepotential
evapotranspiration rates due to reduced crop transpiration. Actual evapotranspiration
rateswill partly compensatéor improved WUE due t@n increase in leaf areaindex

(seechangen wateruse efficiencies under increased leaflatmospheridO5).



3.3

Both positive and negative impacaselikely to be most pronouncedn arid and semi-
arid regions where the moisture balanéemostsensitive to changeis precipitation
and temperaturesHigher precipitationand humidity mightimprove moistureébalances
in someof theseareasin favor of naturalvegetationand crop yields. In humid and
perhumid areas,however, increased precipitation and humidity might lead to
extending of periods with excess moisturavhich could result in hamperedfield
operationsand increasedincidence of pestsand diseasesall of which maydepress

crop yields.

Indirect effectsthrough weedsjnsect pestand diseases

Weeds,nsect pestanddiseasesre generallyaffectedby climate and atmospheric

constituents. Resultanthangesin the geographic distributionwith vigor in current

rangeswill mostlikely affectcrop production.

ii.

Cornpetitionof weeds

Weeds compete with crops for resourcesessential forplant growth and unless

controlled, weeds generally redugmtentialcropyieldsin agroecosystems.

Changedn CO, concentrationtemperaturewater and nutrienavailability, differently

affect thecompetition between weedsdcrops.

Differencesin responseof C3 and 4 plantsto increasedn atmospheridCO, are of
importance to weedcrop competition.In fact, mostof the important fooctrops areC3

plants, whilemostweeds ardC4 plants.
Crop insect pests

Climate is acritical factorin determininghabitatsavailableto insectcommunitiesthus
influencing insect survivalrates. Changesin habitat generally leads to increased
mortality but mayalso lead to higher reproductionrates, changesin diapause,
migration, or evento genetic adaptation. Similarlychangesin seasonal and
interannualclimatic variation may influence life cycle duration, fecunditydiapause

abilities and genetic adaptatiohinsects.



lil. Croydiseases

o Crop diseasesare primarily related toclimate and soil conditions. Evidence®f
changesn occurrencepatternsof crop diseases relatetb climate changeor increased
CO, concentrationshave, to our knowledge, not systematically beermrecorded or

documented.



CHAPTER 4

AGRO-ECOLOGICAL ZONESMETHODOLOGY FOR CLIMATE CHANGE
IMPACT ASSESSMENTS

4.1 Overview

Figure 4.1 provides general overview of theflow and integrationof information
as implementedin the KenyaClimate Change studyln the following explanationthe
numbersn bracketselate to the numberingsedin Figure 4.1. Boxes showin light gray
indicate componentf the AEZKENYA system that receiveca major update,
componentsin dark gray have been newly implementedor addedto expand the

methodologyfor climate change impactssessments.

(1) Land utilization types (LUT): LUT descriptions comprise sets of
alternative activities availabl® achieve specified objectivei.e., usually productiorof

crops, fodder or fuelwood. The first stép an AEZ applicationis the selectionand
descriptionof land utilization types to be consideredin the study. FAO (FAO, 1984)
defines LUT as follows: ‘A Land Utilization Type consistof a set of technical
specifications within a socioeconomicsetting.Asa miniinum requirementyoththe nature
of the produceand the setting inustbe specified’. The descriptiorhas beerorganizedn a

hierarchicabtructure that defines:

Levell, elements common tdl land utilization types:These elements includee
socioeconomic settingf a ‘homogenoustegion for which a numberof land utilization

typesmay be defined.

Level 2, elements common to group$ land utilization types:e.g., severalland
utilization typesmay be defined fora particular farming system. Holdingize, farm

resourcestc.are tobe presentedt thislevel of LUT description.

Level 3, elements specific to particuldand utilization types: crop specific
information suchascultivation practicesnput requirements, crop calendars, utilizatain
main produce, crop residuesdby-productsareto be describedat this level. The variety
of aspectghatcan be meaningfully includedin the descriptioras well aghe amountaind
detail of quantitative information provided shoutdatchthe needs andcaleof a study.

The Kenya study distinguishes 64 crop LUTS31 fuelwood LUTs anda compound



grasslandLUT#4, each at three levelsof inputs. Similarly, 10 livestock systems are

considerecperinput level.

(2) Crop, forage and fuelwood catalog: The term catalogefersto a computer
representationf the quantitativeaspectf the LUT descriptionin a database format. As
pointed out above,the level of detail regarding the representatioindifferentcrop,forage
andfuelwood speciesand varietiesin the database should reflect the studgbjectivesas
well asmatch the sophisticatioaf its methodologicatomponentsand the scaleat which
the study operatesFor the Kenyastudy, the crop, forage and fuelwoodatalogdatabase
includes parameters describing thermal requiremeitsop types, referencerop cycle
lengths, relative lengthsf crop development staggs.e., percentagesf total crop cycle
length), photosynthetic pathwaygrop adaptability group, maximumleaf area index,
parametergor biomasscalculation,harvestindex,development stagspecificcrop water
requirementoefficients,moisturestressrelatedyield reductioncoefficients,food content
coefficients (energy, protein), extraction/conversion rates, crop by-product/residue

coefficients, commodity aggregation weights.

(3,4,5) Climate databasein the present study the historical recomfsrainfall and
synopticstationdatahave beenscrutinizedand updated, nowcovering, where available,
the period of the 1920’s until 1992.In addition to theséata,averagelimate data from the
FAOCLIM database (FAO, 1995) for Kenya and neighboring countries.and gridded
climate surfaces data developed within tKARI/CIMMYT Kenya Maize Data Base
Project (Box4), provide the basic spatiadnd temporalclimate information usedn the

assessmenAll climatic parameters are kejpt a 'baseline’ griddedatabase (Box 5).

(6) GCM-based climate scenarios: A number of sensitivity and general
circulation models(GCM) basedclimate scenarios were preparddr usein the AEZ-

Kenya climate change study. Scenarioswere used from doubled CO, equilibrium
experiments(GISS - Goddard Instituteof SpaceStudies, GFDL- Geophysical Fluid
Dynamics Laboratoryand UKMO - United Kingdom MeteorologicalOffice) and from

coupled oceafatmosphere transiemxperiment GFTR - Geophysical Fluid Dynamics

4 24 grassand 8 legume pasture species wenated in relation to temperatureregime andmoisture availability, and
combinedinto a generalized grassland productiviggsessment, assumitigat for different rangeof environmental
conditionsrespectively the mostuitableand productive speciesvould dominate, dependingn level of inputs.



Laboratory, MPTR - Max Planck Instituteof Meteorology, UKTR- United Kingdom
MeteorologicaDffice).

(7) Scenarioderivedclimatic parameters:Threeclimatic parameters from the
GCM results weraised toadjust thebaseline climate conditionsof eachgrid-point of the
climate surfaces. For thigndicatorsof climate change were spatially interpolated from
the coarsegrids usedin GCMs. The difference in temperature, betweeenGCM climate
changerun andthe respectivésCM control experiment (assuming approximatelyrrent
ambient atmospheric greenhouse gas concentration |levags)dded to the mean monthly
maximum and minimum temperaturesf the baseline climate surfaces. Multipliersij.e.,
the raio between GCMclimate changeand control experiment,were usedo impose
changesn precipitationandincidentsolar radiation, respectively. Each sensitivity st
GCM-based climate scenariois also characterizedby level of atmospheric CO,
concentration@ndassumeahangeof wateruse efficiency. Thesparameters affedioth
the estimated reference evapotranspiratiowelsas the parameterizaticsf the biomass

calculation procedures.

(8, 9) Lund resources inventories (GZS): The storage and manipulation of
complex spatial informationi.e., various thematic maps such as soligsdform, slope,

vegetation, present land ussycial and economic characteristics, and administrative
boundaries are facilitatebly the applicatiorof Geographical Informatiorsystems (GIS).
Several layerof digital data were updated or addidthe GIS database of the original
AEZ-KENYA system, including administrative boundaries (distridigisions,locations),

a 1:1M soil map recently updated &ARI in the KENSOTER project (Kenya Soil
Survey,1995), anda recent approximatelyt by 1 krn resolutionDEM (digital elevation
model) availabldor Africa from the GRID Centen Sioux Falls, U.S.A.

(10) Climate data analysis: Monthly values of average daily reference
evapotranspiration(ET,) are calculatedfor each grid-cell according to thePenman-

Monteith equation(FAO, 1992b). Details of the calculation procedure are described in
Appendix 2. The methodologyfor the calculationof reference lengtlof growing period
(LGP) used inthe AEZ-KENYA systemis basedon a simple water balance moddby
comparing moisture supply from rainfalland soil storage with potential
evapotranspirationlThe algorithm determines the number and tppgrowing periodsper



year,startingand ending date®f eachgrowing period and moistureexcessand deficits
during the growing periods. Further details are descrilred\ppendix 3. Thermal zones
(TZ) wereobtained through classificatiasf meanannual temperatureand aredefined for

eleven classes 2.5°C intervals,i.e., >30°C meanannual temperature27.5-30°C, 25-

27.5°C, etc.

(11} Soil association composition database:Additional data related to the
mappedinformation, e.g., a descriptionof soil associationdgn termsof soil types,soil

phases antextureclasseslandform, slope, etcis keptin the computerized systeim the
form of an attribute database file. The soil association attributeatabase of the AEZ-

KENYA system was reviewed and updatedby KARI with information from the
KENSOTER projectandreformulatedn termsof the RevisedLegend of the Soil Map of

theWorld (FAO, 1988).

(12) Griddedland resourcesdatabaseCombining overlaid spatial information
with the contentsof relevant attribute file§Boxes5, 9, and 10 and 11) resultsin the
creationof unique geereferenced extentsf land units, termedagroecologicalcells,
which form the basic unitof analysisusedin AEZ applications. The collectioof agro-
ecologicalcells, for given climate change scenarios, constitutes the land resources
inventory.For the assessmenf potentialclimate change impact® Kenya,grid-cell level

land resources databases were compiled fromAIRE/INFO vector database&achgrid-

cell coversand areaof 4 kn?, requiringa rectangulamgrid of 565 rowsby 450 columns

containing about47,500grid-pointswithin Kenyan national boundaries.

(13) Biomassand yield calculation: The constrainfree crop yields computed

in the biomass module reflegtield potentialswith regard totemperature and radiation
regimes prevailingn the respective grietells. Biomass accumulation is describiederms

of photosynthetic characteristiesxd phenological requirements, enabling the calculation
of site specific constrainfree maximum yields. The methofl biomass estimationsedin

this AEZ-KENY A system accounts for different levelsatmospheri€CO, concentrations.

Detailsof thecalculation procedurearegivenin Appendix1.

(14) Edaphic requirernents:To assesghe suitability of soils for individual
LUTs, edaphic requirement®f LUTs have been inventoried. In addition, these

requirements mudbe understoodwithin the contextof limitations imposedby landform



andother featuresvhich do not form a part of soil but may have a significantinfluence on
the use that can be made of the soil. Distinction is made between internadoil
requirement®f LUTS, suchassoil temperature regimagil moisture regimesoil fertility,
effective soil depth forroot developmentind other physicaland chemicalsoil properties,
and external requirements related tsoil slope, occurrenceof flooding and soil

accessibility.

(15) Climatic requirements:Crops,grassesand fuelwood specieshave climatic
requirementsvhich have beeninventoried for theclimatic suitability assessment. These
include,for instance, temperatuténitations for cultivation, tolerancéo droughtor frost,
optimal and marginaltemperature ranges for cultivatioand specific requirementst

different phenologicastages.

(16) Matching procedures: Matching rules and ratings for comparing
requirement®f crops, forageandfuelwoodto the attributesf individual agreecological

cellshave beenstoredin a database. The matching procedures include the applicafiion
agroclimate specific reduction factofggroclimatic constraints), accounting for rainfall
variability/moisture stress, pestand diseasesand workability constraintsAs a result of
the agroclimatic andagreedaphic matching procedures, each aggologicatell is rated

in termsof five suitability classewith respecto all LUTs relevanin thatlocation.

(17) LUT suitability: The result of matching the LUT specific edaphiand
climatic requirementdo the attributesof individual agreecologicalcells in combination
with calculated potential biomassdyields (asn (13) above) provides specific estimates

of attainable yields for LUTat different levelsof managemerandinputs.

(18) Sustainable land productivity: On the basis of crop suitability, the
productivity assessment captures sustainability factors that inupactthe production

levelsthat can be attained. Production increases due to multiple cropping restitong
intensificationof cultivationin spaceandtime aretakeninto accounin the analysisasare
productivity losseslueto soil erosion.Since the productivity estimates shouletlate to
production achievablen a sustainable basis, fallow requiremerntsmaintainsoil fertility
and structure and to counteractsoil degradation causedly cultivation, are imposed
dependingon environmental conditionsand LUTSs, including level of inputs and

management applied.



(19) AEZ cell productivitydatabaseThe productivity assessment recoridput
level specific productionof relevant and agroecologically feasible land utilization
activities. The stored information includesquantification of main produce and by-
products, input requirementsnd estimatesof associatecsoil erosion. The algorithm
imposesa filter that eliminates activitieshat are ecologically unsuitable, tagsky with
respect toclimatic uncertainties, environmentally unacceptaljle., producing soil
degradatiornn excesof tolerable levelspr aremuchinferior to other possible activities
the particularland unitin termsof both expectectconomic benefit and nutritional value.
At this stageof the analysisadatabase is createdhatcontains for each agreecologicatell
guantified informationon all feasible LUTs. This database allows for tabulating and
mapping potential arable lary LUT anddifferent levelsof area aggregatiorit provides
the necessarygeoreferenced agronomic data for distrantd national lanéuse planning
scenariosand allows for comparisorof impactson agricultural productivity of different

climate change scenarios.

(20,21, 22) Optimal AEZ cell allocation: Different setsof assumptionse.g., in
planning scenarios regarding population growth, availalahiylevel of inputs,consumer
demand.etc., are storedn a scenariocatalog,i.e., a database of control parameterfiles
usedby the application programlanning scenariosn the AEZ applicatiorarespecified
by selectingand quantifying objectives and various constraints related aspects suchs
demand preferences, production targets, nutritional requirements,ciopstraints feed
balances, croix constraintsandtolerable environmental impacts. the AEZKENYA
climate change studyland productivity is defined rigoroushby the capabilityof land to
producefood energyand protein; i.e., the objectivein the optimal AEZ-cell allocation
procedurds to search forcrop combinationsthat maximize total output from agriculture

landin termsof a weightedsumof food caloriesandprotein.

(23) Application reportwriter: The applicationreport writer summarizeshe

scenario resultBy district, provinceand national totals.

24, 25) Scenario summary database:Output from the AEZ applicatiorreport
writer can be keptin a scenariosummarydatabase and belinked to the geographical

information system for visualizatiasi the results.
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4.2 Climatic resources

The original AEZ climatic resources inventorpf Kenya (FAO/IIASA, 1993)
recorded both temperatureand soil moisture conditionsin a compiled form. The
guantificationof temperature attributelsad beenachievedby defining reference thermal
zones. Temperature seasonality effettatitude are minom Kenyadue toits location at
the equator. Therefore thermal zones are closely related to altitude rdmgeater for
differencesin temperature adaptability characteristiafs crops, pasture and fuelwood
species, nine thermal zones were distinguishettie original inventory, generallypased
on rangesof 2.5°C in meanannual temperatures, startingth areasof meanannual

temperature=-25°C, 22.5-25°C, 20-22.5°C, etc.

Quantification of soil moisture conditions was achieved through tloaceptof
reference lengtbf growing period (LGP).Reference LGHs definedasduration(in days)
of the period when temperature permits plant growth aswll moisture supplyexceeds
half reference evapotranspiratioi;includesthe time requiredto evapotranspire up ta
reference 100mm of soil moisture storagdFAO, 197881). Growing periods which
include a sub-period when precipitation exceeds reference evapotranspirai@termed
normal LGPsascompared tantermediateLGPswith no suchsubperiod. The moisture

regimehad beennventoriedby meansf threecomplementary attributdsAO, 199):

e number of separate LGPwithin ayear, summarizedsa historicalprofile of patternof
LGPs peryear (LGP-pattern). Twentytwo such LGP-pattern classesvere originally

recognized;

¢ meantotal dominantLGP, i.e., the sumof meandominantand associated lengthsf
LGPs occurring during thgear.Fifteen LGP zone classes, at thidgy intervals were

distinguished, and
e yearto year variabilityof each LGPandassociated moisture conditions.

For the presentlimate change impact assessment the historical reaurdsinfall
and synoptic statiortlimate datahave beenscrutinizedand updatednow covering where
availablethe period 192031992. Togethewith these, additional dataf the FAOCLIM
database (FAO, 1995) for Kenya and neighboring countriesand griddedclimate surface
data developedh a KARVCIMMYT Maize Data BaseProject have beenusedin the



presentassessmentill climate parameters arkeptin abaseline griddeddatabase with a
grid-size of 2 by 2 km*. From these datasets, thermal zoaed LGP datahave been
evaluatedn eachgrid-cell, to serveasbaseline inventoriesin the present studyAlso with

eachclimate changescenario separate méyersof thermaland LGP zonesare derived.

Exampleof thermal zoned,GP andLGP-pattern zones ahownin Figure 5.1.

4.2.1 GCM-deriveddata

The present generatiaaf GCM experiments aréasedon recent projection®f
increase®f concentrationdf greenhouse gasas the atmosphergIPCC, 1992). Apart
from changesof atmosphericCO, concentrations, threelimate attributes (for defined
scenarios/time horizons)have beenderivedfrom the GCM resultand interpolatedto the
2 by 2 km? grid from the relatively coarse GCM gxmbints falling within and

immediately around Kenya. These are:

e changeof temperature regimesQ);
e changeof amountanddistributionof precipitation(%});

e changeof incident solar radiatio(%).

The difference in temperature,betweena GCM climate changerun and the
respectiveGCM control experiment wasddedto the mean monthly maximumand
minimum temperaturesf thebaseline climate surfaces. Multipliersi.e., the ratio between
GCM climate change and control experiment, wereaused to impose changesn
precipitation and incident solar radiation, respectively. Adjustments were determined
separately foreach threemonth period starting in December,i.e., December-January-
February, MarckApril-May, etc.,aswell asannual changesn precipitationand radiation
werecalculated. These quartedysturbance terms were scaleslichthat the application to
monthly climate attributes matcheghe calculated annual changes.This method of
generatinglimate scenarios capturabe seasonal characteristiotSGCM experiment$ut
largely avoids unrealistic multipliers which could result from differences between GCM
control experimentsand actual baseline climate conditions. Consequentlyfor each
climate change scenario gridded surfac#smonthly valuesof four climate parameters
were generatedmean monthly minimumand maximum temperature, monthly rainfall,

andsolar radiation.



At baseline and scenario conditions relative humidibas beerestimated through
regressionsvith selectedclimate parametersdistance to the coast and altitude. Dueto
lack of reliable information, thevindrun data has been kept unchanged frombaseline

valuesfor all climate changescenarioshoth GCM-basedandsensitivityscenarios.

Eachsensitivity testor GCM-basedclimate scenario islso characterizedy level
of atmospheriaCO, concentrationsand assumed changed wateruse efficiency. These
parameters affectboth the estimated reference evapotranspiratias well as the

parameterizationf the biomass calculation procedures.

In the AEZ biomassnodel the photosynthetiactive radiation(PAR) is requiredto
be adjusted according to actual global radiatioRg) or sunshine duration relative day-
length. Further thenodel requires average dailys well as day-time temperatures. Both

actualradiationandtemperatures amead or calculated frontheclimatic data sets.

4.2.2 Referenceevapotranspiration

From the baseline and scenarig@limate data sets potential evapotranspiratioss
beenestimatedby using the modified PenmaiMonteith equation,as recommendedy
FAO (FAO, 1992b). In the estimationof reference evapotranspiration, the interactions
between increasel’(}; concentrationsand stomatal resistancewhich influence the crop
canopy resistandg.) has beeraccounted for. The canopy resistarsceelatedto stomatal

resistancand leafareaindex (LAI) asfollows (Allen etal., 1989):

re = Ry/70.5 LAl

where:

R, = average dailygtomata resistancef asingleleaf [s m-I] =104

LAI = leaf area index

Stomatal resistanceat doubling of ambient CO, concentrations halseenreported
to increase up to50% (de Bruin & Jacobs, 1993). Witeuchinformation and estimatesf
expectedCO, concentrations foscenarios/time horizonsto be considered reasonable

estimate®f reference evapotranspiratioan be made.



4.2.3 AEZ climatic resourcesnventory

Subsequentlyin combination with ‘scenario’ precipitation, through the AEZ
growing period calculation procedures, 'scenali®GPs have beencalculatedand gridded
LGP andLGP-pattern inventoriehave beencompiled. Similarly, 'scenario’ thermal zones

inventorieshave beencompiled.

The threelayers, LGP, LGFpatternand thermal zones, makap 'scenario(AEZ)
climatic resources inventorieghich functionin applicationsof AEZ crop suitability and
land productivity assessments. Frothhe monthlyclimate variables, the LGP analysis
generates pseuetnily values through splir@terpolation. Thesean be usedto assess
growing conditions during different crop stagas well as among different growing

seasons.

4.3 Biomass and yield

Themodel for the estimatiorof potentialnetbiomassandyields(Kassam1977)is
based on data of radiation and temperature regimesand crop ecophysiological

characteristicsA summary descriptioof the proceduress givenin the Appendixl.

4.3.1 Photosynthesis

For the AEZ biomassand yieldmodel, a division of cropsinto five adaptability
groupsis used, basean the difference betweencrop speciesn their photosynthesis
pathwaysand the responsef photosynthesito temperatureand radiation, because these

differences determine productivityhenclimatic phenological requirements are met.

The two major photosynthesis pathways are @®pathwayand the C4 pathway.
In the former, the first producbf photosynthesisis a 3-carbon organicacid (3-
phosphoglyceric acid), while the latter the first products are 4arbon organic acids
(malateand aspartate)At current levelof atmosphericCO, concentrationsgrop species
with a C3 assimilation pathwayiave relatively much lower ratesof CO, exchangeat a

givenradiationlevel thanC4 species.

However,both pathways are adaptead operateat optimum rates over ranges
temperatures that are specificthepathwaysin caseof C3 species, one group adapted

to operate under conditionsf moderatelycool and cooltemperatureg10-20°C), e.g.,



wheat, barley, white potato. Another groispadapted to operate under conditioss
moderatelywarm to warm temperatureg25-30°C), e.g., rice, cotton,groundnut.TheseCy

species constitute adaptability grou@sdll of the AEZ system.

In the caseof C4 speciespne groupof cultivars or ecotypess adaptedto operate
under conditions of warm to very warm temperatureg25-35°C), e.g., lowland maize,
lowland sorghum,sugarcane, and another groupof cultivars or ecotypess adaptedto
operate underzonditionsof moderately cooto moderatelywarm temperature$l5-25°C),
including, for instance, highland maiaed highland sorghum. The<C4 groupsof crop

ecotypes constitute adaptability grodjlsandIV of the AEZ system.

Onefurther groupof specieshas theCrassulacean acid metabolig@AM). The
biochemistryof photosynthesiin the CAM-species haseveral featuresin commonwith
C4 species,in particular the synthesisf C4-carbon organic acids.CAM-speciesare
adaptedto operate under moderataelyarm and warmtemperature condition€0-30°C),
including crops suclas pineappleand sisal. The CAM species constitute adaptability

groupV in the AEZ system.

Climate changeand increase of atmosphericCO, concentrations affect rates
photosynthesignd rangeof optimum temperatures for photosynthesis differently G8r
andiC4 crops.As quoted from literaturén the previoussection, C3 species would benefit
more from increasel’(}: concentrationghan C4 species (respectively 30%nd 5%,0n
the averageat doubledC(}: concentrations)lit hasbecomeevident,however, that there is
aninteraction between temperatuaedrelativeincrease in growth (photosynthesis)-or a
selectionof C3 species, Idset al. (1987)have demonstratedhat theCO, fertilization
effect increaseswith temperature. From experimenis opentop Ci¥; enrichment
chambers the relative growticrease ranges, from slightly negatia temperature®elow
19°C to more than80% at more than 30°C (Kimball et al., 1993). A linear regression
basedon the experimental data suggedtsat relative growthincrease is related to

temperaturén the following way:

f, =-0.452t% 0.0824T (r’=0.63)

where f, is relativeyield increase and T is temperaturg"C).



Another important aspeds the observatiorthat the temperatureoptimum for
photosynthesis, specifically flC3 speciesshifts considerablyo higher temperaturesith

increasingC(}: concentrations (Alleetal., 1990, 199).

Basedon the above quoted experimerand evidence, it is believed that greater
CO, growth stimulationat higher temperatures real and thuswould lead to different
changesof maximum ratesof photosynthesigP,) for different temperaturesBelow in
Table 4.1, maximum photosynthesis ratdy daytime temperaturesfor current
atmosphericCO, concentrationsas usedin the AEZ system, are reproduced for crop
adaptability groupd, II, Il and IV. To enablethe AEZ biomass model to handle
maximum photosynthesis rates at different concentratonsatmosphericCO,, an
alternativesetof photosynthesis rate$able 4.2 has beersetup similarto Table 4.1. The
valuesin Table4.2 represent maximum photosyntheasigsat doubledatmosphericCO,.
Dependingon the projections of increase of atmosphericCO, usedfor climate change
scenarios, interpolations between the vahfefable 4.1and Table 4.2are maden the

study.

Table4.1 Maximum photosynthesis ratgP, in kg CH,O ha-! hr-!) by meanday-time
temperatures focrop adaptability groups$ to IV at present atmospheriCO,

concentrations.
Crop Mean Day-time Temperatures
Group

5°C 10°C 15°C 20°C 25'C 30°C 35°C 40°C 45°C
1(C3) 5 15 20 20 15 5 0 0 0
1iCah 0 0 15 325 35 35 32.5 5 0
I (Tl 0 0 5 45 65 65 65 45 5
IV iC4q) 0 5 45 65 65 65 45 5 0

4.3.2 Respiration

Changesin growth and maintenance respiratioas far as relatedo changesof
temperature, are accounted forthe AEZ biomassnodel (see Appendixl). Changef
atmospheri€CO, concentration®n respiration seem uncertaamd thereforecould not be

includedin the present stag# the modeldevelopment.



Elevated levelsof CO, concentrationsslow transpiration by inducing partial
closureof leaf stomata. This appears tde importantin particularfor C4 plants.For Cq
plants elevatedCO, concentrationdead mainly to increase of photosynthesis, through
efficiency enhancements. Table 4.3 shaiws relative contributions to change® net
photosynthesis and transpiratitmaCO, induced, approximatelgoublingof leaf water-
use efficiencyfor C3 andCy4 plants (generalized from RogetsDahlman,1993).

Table4.2 Maximum photosynthesis ratgs kg CH,O ha'! hr'l) by meanday time
temperature$or crop adaptability groups$ to IV at doubledatmospheriaCO,

concentratiorfs
Crop M ean Day-time Temperatures
Group

5°C 10°C 15°C 20°C 25°C 30°C 35°C 40°C 45°C
I{C3) 5 10 22 28 21 7 0 0 0
I iC3) 0 13 37 50 56 52 8 0
nIiC4) 0] 0 5 47 68 68 68 47 5
IV i(C4) 0 47 68 68 68 a7 5 0

Table4.3 Relative contribution%) to changesn net photosynthesis and transpiratioh
aCO, induced approximately doublif leaf wateruse efficiencyfor C3 and

C4 plants.
Crop Adaptability Group Photosynthesis Transpiration
Group | and II (C3) 75 25
Group Il and 1V (C4) 30 70

Higher stomatal resistance, reducing transpiration raleadsto increasedleaf
temperatures,which influences the rates of plant development.In particular, this
considerably increasdsaf area developmerm early growthstagef plants. Inthis way
the averageleaf area over the growth cyclan increase substantiallyand will enhance

biomass production.

4.3.4 Harvest index

There is extensive evidence that both quantity and quality of the vyield
(economically useful part®f cropschangeunderelevatedCO, concentrations. However,

5 Thevalues presentedh Table4.2generalize present knowledgasdiscussedn previous sections.



thereis not sufficient convergence of evidencethat yield quantitiesin relation tototal
biomasswould change. Therefordn the presentanalysis, harvest indexes the model

have not beenmodified with regardto change®f atmospheri€CO, concentrations.

4.3.5 Growth cycleduration

At higher temperaturesnnual determinate cropsvill exhibit shortened growth
cycles. The changed ontogenetic developmeand higher growth vigorat higher
temperaturesvill not fully compensatéor the shorteningof the growth cycle, therefora
net yield loss will occur. The duratiorof crop growth cycless defined in the AEZ
biomassnodel andthoseof annual determinate cropsed to be adjusted accordingto the
expected temperature changes. For dlijsstment useis madeof relationships between

growthcycle durationsndcrop variety specificheatunit requirements (degree days).

4.4  Climatic suitability

In the present implementation, matching rules and ratifaggs comparing
requirement®f crops,foragesandfuelwoodto theclimatic attributesof eachgrid-cell are

assumed teemain valid also undera changeof atmospheri€CO, concentrations.

4.4.1 Growthcyclecurtailment

The procedures accounting for shortfafllavailable lengthof growing period to
crop growth cycle requirememay be affectedthroughpossible changeis crop specific
yield response to water stre§s, factor, see FAO]992a). This might changeunderthe
influence of changed crop watarse efficienciesAt present, there is insufficient evidence

to consider adaptatione the cropandcrop phenological stage speciﬁ;values.

4.4.2 Agro-climatic constraints

The agreclimatic constraints relatew effectsof pests, diseases and weeds, and
workability ('b’, 'c' and 'd’' constraintsas usedin FAO, 197881 and FAO/IIASA, 1993)
remain linked to the respectivé GP andthermal zones assedin baseline conditionslt is
assumedhat these agrolimatic constraintswill remain linked to correspondingagro-
climatic conditions.For individual year assessmentsength of growing period and soil
moisture deficitis quantified according telimatic data. The agralimatic constraints

relatedto inter-annual rainfall variability (‘'a’ constraints) are removddr individual year



assessments and remain unchanged for longerm averagesThus, it is assumed that

rainfall variability remainsimilarly relatedto LGP asit is at present.

4.5 Soil and terrain resources

The original AEZ soil and terrain resources inventorfFAO/IIASA, 1993) was
basedon the 1:1 million scale Exploratonpoil Map of Kenya(Sombroeket al., 1982).
This information,n particularthesoil association composition databakas beemupdated
at KARI in the frameof the KENSOTERproject (KenyaSoil Survey, 1995)In addition,
for the purposef the present studyhe soil classificationhasbeenreformulatedin terms
of the Revised Legendf the Soil Map of the World (FAO, 1988).

Apart from thesoil andterrain layer, also the vegetation (foresareas),national
parksandtsetse infestation aré€alS coveragesvereupdatedwith recent information from
KARI. Other layers as usedin the original AEZ-GIS inventory (cashcrop zonesand
irrigation areasyemain unchanged. The administnatiareas layehas beerupdatedand
refined; now including provinces, districts, divisiorand locations.A recently available
approximatelyl by 1 km? resolution DEM (Digital ElevatioModel) available for Africa
from the GRID Centerin Sioux Falls, U.S.Awasconvertedto UTM projection andadded

to the database.

4.5.1 Soil andterrain characteristicsand climate change
L Changedo soil characteristics

Thereis insufficient systematic quantitative evidencewhich way and how far
soil characteristics would changesresultof climate changeandincrease of atmospheric
CO; (Brinkman & Sombroek,1993).At presentclimate change impacts thahay affect

soilsin the longertermhave not been takernto accountn the simulations.
iL. Changearop/soil relationships

Thereis as yet also no quantitative evidencéo supportany modification to the
edaphic crop suitability classificationsas result of climate change or increased
atmosphericC(; concentrations. Therefore, the edaphic suitability assessmentnhas,

principle,remained unchangedh the present study.



4.5.2 Soil and terrain suitability classifications

The soil andterrain suitability ratingsand ruleshave beenreviewed and updated,
in particularin view of the newly introducedsoil classificationof the Revised_egend of
theSoil Map of theWorld (FAO, 1988).

Until sufficient evidence becomes availaltlés assumed in the AEZ system that
increased atmospherC(; and C: x Temperature interactionsill enhancegrowth of
crops onlywhen soils arenot suffering severe nutrient deficiencies toxic substances.
Hence, enhanced biomass productilue to increasedatmosphericC(}; levelsis applied
in relation to edaphic suitability.The full effect (100%)of C(}: fertilization has been
applied wheresoils do not impose limitationsto productivity of the defined LUTs (S1
rating). At S2, S3, S4and N soil ratings respectively5%, 50% 25% and0% of the

potential enhancement dueC(}; fertilization have beenassumed.

4.5.3 Land productivity
L. Multiple croppingincrements

The total effectof changed crop component suitabilapd changed growth cycle
durationis accounted foin the AEZ model. Theras no conclusive data or indicatiorsd
some evidence availableon changed crofrop interactionsin sequential,relay or
intercropping systemaswould result fromclimate change or increased atmospheTio,
concentrations. Therefore, the interaction effastsstablishedn the agreecological land

resources assessment stofliKenyaremained unchanged.
ii. Sustainabilitycriteria

The AEZKENYA systemusesan implementationof a modified versionof the
UniversalSoil Loss Equation (USLEjo quantify erosion impactéFAO/IIASA, 1993).
The USLE factors accounting for rainfall erosiviyR) and relatedto crop coverand
managemen{C*) are calculatedvithin the AEZ programsand will change as resudf
altered amounand distribution of rainfall and changesin cropping patternsand crop
component leaf area parametersThus, these effectshave been included in the
calculations. There is, howevemo evidence that soil erosion/productivity loss
relationships with or without considerationof soil conservation measures would

significantly change.



Fallow period requirementswould be affected by changed nutrient cycling. There
emergesomeevidence that increased levelsf atmospheric”C}: would enhancenutrient
cycling andincrease soil organic matter statu$his could, for exampldgead to diminished
fallow period requirementsin the presentanalysis this has not been takento account but

can beimplementedn the system as quantitative estimates becawaglable.



CHAPTER 5
CLIMATE CHANGE IMPACTS

In this section the resultsf various sensitivityand GCM-basedclimate change
scenariogas describedin Chapter2) are discusseth terms of:(i) changesof climatic
resources, anfli) changesf potentialcrop productionandland productivity Further, the
factors underlyingthe changesf potential productivityarediscussedi.e., changesf crop
yield levels, changesf extentsof land with cultivation potential, andhangef cropping

patternsand cropping intensities potentially indudagdclimate change.

The resultsare presented primarily for the nationklvel in a numberof tables,
chartsandsmaltscale mapsA selectionof indicators,i.e.. potential productivityof maize
and wheat, andan overall measuref potential land productivitys presenteddy province

anddistrict (Appendix4).

5.1 Changesof climate resources

Temperaturehangeshave a direct effecton the spatial distributiorof individual
thermalzones. Table 5.8howsextentsof thermal zone$or bothreference conditionand
a rangeof climate scenarios. Figur&.1 presents smabcale mapsof thermal zonegor
reference conditionandfor four selected scenarios-8ensitivityT20, GSA 2030GFTR-
D2 andGFTR-D3).

As shownin Table5.1,dependingn climate scenario, extents thermal zone3 Z
3to TZ 11 decreaseyuite substantially, while zone§Z | andTZ 2 generally increase.
This is a necessary consequencé a ‘pyramid effect’, i.e., the fact that (i) average
temperatureandthus thermal zoneare highlycorrelatedwith altitude, andii) extentsof
individual zones decreaswith altitude (seeTable 5.1). Hence,extents‘lost’ from any
particular zone becausef global warming to warmer thermal zones aret fully
compensateébr by extents'gained’ from previously cooleegions. In fact, thermal zone
TZ 1, indicating hot and agronomically unfavorable conditionaith averageannual
temperatures abo’9)°C, doesnot occur underbaseline conditionsbut occupiesas much
as85,000km? in responséo awarmingof 2°C, however, falling mostlyn the aridand dry

semiarid zone.



A numberof parameters derived fronthe climate scenariosi.e., temperature,
sunshine duratiorand atmosphericCO, concentrations, affecéstimationsof reference
evapotranspirationET,. ChangedET, and changed rainfalfegimes altersoil-water
balancesand,in turn, resultin change®f growing period conditions: (i) of the numberof
growing periods peryear; (i) the typesof growing periods(normal growing periods
which fully meet cropwater requirementsandintermediate ones whicbnly partly meet
cropwaterrequirements), anlii) the lengthsof growing periods (LGPSs).

Table5.2 presentdor somethirty-threeclimate scenarios thehangesn extentsof
LGP zones, relativdo the reference condition3.able5.3 summarizeshangeof number
andtypesof growing periods,comparingthemto LGPsunder referenceonditions. Figure
5.2 presentsmallscalemapsof LGP zonesfor referenceconditionsandfor four selected
scenarios.Figure 5.3 showssmallscale mapsof growing period patternzones,also for
referenceconditionsandfour selectecclimate scenarios.

Due to generallyfavorableincreasedn annual rainfall mostGCM-basedclimate
scenarios resulh improvedmoistureconditionsanda substantiateductionof the hyper-
arid zone. In addition, higher temperaturesisuallylead to a reductionof extents inthe
perhumid zone,although this coversonly tiny parts undebaseline conditions. Extents in
the moist semarid and sub-humid zones,the most productive regionsfor agricultural
activities, arein generakexpectedto increase underGCM-basedclimate changescenarios
(seeTable5.2).

The prevalence of improved moisture conditions inclimate scenariosbasedon
transient GCM experimentscan also be clearly detectedn Table 5.3 whereextentsof
intermediate growingperiod zones(i.e., zoneswith moisture stress during the growing
period) generally decline, whereas extent®f normal growing periods(i.e., growing
conditionswhich includea sub-period when rainfallexceedseferencesvapotranspiration)

expand.

Changesof thermal zonesand LGP zones affectthe combinationsof these.For
reference conditionand threescenariogrosstabulations of thermalzones and-GPsare
presented imable 5.4.

The diagonalstructure of Table5.4 demonstrates thebvious correlatiorbetween
altitude (i.e., thermal zone)and moisturesupply. Secondlywhen consideringthe most



favorable agreclimatic conditions,say moist senmvarid and subhumid zonesn thermal
zonesTZ 3to TZ 7, wefind, for the selectedlimate scenarios, a complexatternof both
increaseanddeclines within the corresponding soratrix in Table5.4. More uniformly

for these moisture zones, thés@a substantialncrease of extentsin thermal zond Z 2.

5.2 Changesof potential crop production and land productivity

Assessing altered production conditions requires understantisgyeraomplex
and intertwined factors determining overddind productivity. Theseinclude changesf
attainableyield levelsand production potentiabf individua]crops, changeis extentsand
quality of land with cultivation potential,and alterationsof type and multi-cropping
intensity of available crop combinations. This section first highlights impamts
production potentialsf two important food staples, maiaad wheat, and then discusses
implications for land productivityas emerging froma wide range of simulation

experiments.

5.2.1 Potentialcrop production

The impactsof climate changeon potentialrainfed productiorof important crops
in Kenya(maize,sorghum,pearl millet, wheat,beans andassava) is presentedn Table
5.5.Table5.6and5.7 present the effects climate change®n potentialmaizeand wheat
productionby province. Figures.4 and 5.5 present mapsf changes to maizand wheat
potential productivity respectively, for four scenariosSdnsitivity T20, GSA 2030,
GFTR-D2 and GFTR-D3) in comparison with potential production from reference
conditions. Finally, Figures 5#&nd5.7 (bar charts) present productivity changesafoeat

andmaizeby provinces for fouklimate change scenarios.

Maize, beingby far the most important food crom Kenya, shows forthe
aggregate nationdevel both decreaseand increases dependingn climate scenario,
although positive impacts occur the majorityof GCM-basedclimate scenariosAlso,
positive impacts appedao be more pronouncede., largerin magnitude than decreases.
The situationof maizeis complexasit occursbhoth in lowland and highland areas. Like
maize, potential sorghumroduction is mostly increasingin response to GCNbased

climate scenariosThere arehowever,also someunambiguous crop responseso climate



changedo beobservedFor instancernillet andcassava gainimportance in all the analyzed

climate scenarios, while wheat cultivatiaglikely to suffer strong negative impacts.

Table 5.6 summarizethe spatial distributionof gains and lossesin maize
productionpotential.We observe strong positive impactsCentraland Eastern provinces,
for all climate scenarios includinghe climate sensitivity experimentsThis is a clear
indication that the impact& these regionsnainly result from beneficial temperature
increasesin higher altitude areasl.ess pronounced, thougtgenerally positive, are
percentage changeas Rift Valley province. This provincés fairly heterogeneouso that
both large positive and large negative impacts odoundividualdistricts of the region,
partly canceling outin the aggregate. Coasind Nyanza provinces are likelyo be
negatively impactedby climate change. Thevidely varying resultdor Coast provincen
Table 5.6, derived from transient GCM experimentsquire some furtherexplanation.
Taking a closer look, in general,the impactof climate changeon potential maize
productvity is negative. However, for Taita Taveta district mag®wing conditions
improve under the projectedimate scenarios. Therefore, the exact strength and balance
of these two antagonistic developments prodaceide rangeof estimatesfor the
aggregate outcomia Coast provincegven though individuadistrict resultschangein a
more consistent wayhis again points to the fact that aggregate resiltdimate impact

studiesmay be grossly misleading withobeingderivedwith careful interpretation.

A very interesting combinationof temperatureand moisture impacts plays our
the climate scenarios for Western province. Accordingthe sensitivity experiments,
temperature increases appear b fairly beneficial. Moisture increases, howeves
observedn mostGCM based scenarios, are likely to cause conditionsmetdor optimal
maize cultivationso that overall effectson maize productionmay well be negative.
Western province benefits from higher temperatuees,ndicated by results of T-
Sensitivityclimate scenarioshbut may benegatively affectedy aggravated wetness under
climate scenarios baseoh transient GCM experimenidue to worseningof workability

conditions asvell asincreased pesenddiseases.

The results of changesin potential wheat production offera straightforward
interpretation. Large negative impacts potentialwheatproductivity mainly result from

the projected temperature increases. Wity few exceptions,such asin Central



province, this devastating impamt wheatpotentialoccursin most regions to thaine of

complete lossf wheatproduction potentiah NyanzaandWestern provinces.

5.2.2 Land productivity

Land productivity encompassasbroadset of issueswhich are opento multiple
interpretationsf not defined preciselyln this studywe concentrateon the capability of
land to produce crops fohumanfood consumptionThus, land productivity is measured
herein termsof a weightedsum of food energyandprotein available fromcrop production
after subtractionof harvesting lossesnd conversion to products suitabfer human

consumption.

In eachof the approximately 145,000 gralls the bestperforming (in termsof
thedefinedfood production objective) crop combinations are determined, thereby defining
land productivitylocally. The selectionof 'optimal’ cropping patterns hagenrepeatedor
all climate change scenarios. We. therefore, asstimmefarmers are 'smarth the sense
that theywill adapt cropping activities optimaliy responseo climate changeas possible
with the setof available cropping options. Furthermore, lde able to separatelimate
impacts from results due C: fertilization andenhanced wateuse efficiencyall GCM-
basedclimate scenarios were simulatest both baseline and projected increase@€O,

concentratiorievels.

Tables A4.1 and A4.2n Appendix 4 presentthe impacts on potential land
productivity andextentswith cultivation potential, respectivelyy province and district,
for the variouslimate change scenarios. The resuit§ able A4.2, forbaseline conditions
(REF)and percentage changes accordmdifferentclimate change scenarios, refer &
weighted sumof land with cultivation potential in four land productivity classes. The
weights used are 1.0,0.77, 0.55,and 0.33 for classesC1 to C4, respectively. The
multipliers were choseim accordance with thedefinition of productivity classes Cio C4.
Figure 5.8 presents smaitale map®f changes to potential land productivityr four
scenarios. Figureb.9 comprisesof bar charts indicating changesf potential land
productivity by provincefor four climate change scenarios. Complementing these results,
Figure5.10presentdarchartsof change®f extentsof land with crop production potential

by provincefor four climate change scenario3.he full setof resultsis shownin Table



A4.3 in Appendix 4 providing estimatef potential arable lanéih Kenyaandin each

provinceby land productivity classes fahe variousclimate changescenarios.

An overview of the changesto reference land productivity for Kenya artle
individual provinces fonll the climate change scenarias containedin Table5.8. At the
aggregate nationatvel, potential land productivity increass all GCM-basedclimate
scenarios.Note that this conclusion holdboth with and without taking into account
physiological effects of enhanced atmosphen@O, concentrations. Onlyn temperature
sensitivity experimentswhen increasing temperatur@nd holding precipitation levelst
ambient levels, overall negative impacts result for temperature increasesding2°C.
Note thatpotential land productivityasdefinedin this AEZ application, assumes efficient
useof land resources.e., full adaptatiorof cropping patterns tohanging conditions. This
may partly explain the overall positive response. Clearly positive impactsiand
productivity potentialcan be observed for Central, Easteand Rift Valley provinces.
Other regions experience mixed outcom@kth the rangeof climate scenarios analyzed
here, strong negative impacts may, howevesult only for Coastand North-Eastern

provinces.

Changesin climate also affect the relative contributionof individual crops to
potential landproductivity,i.e., with other wordsthe ‘optimal’ croppingpattern changes.
Table 5.9 preselts, by climate change scenaridhe relative contribtion of major crop
groups to total potential land productivity. Cereal crops are shown in two classes
correspondingo lowland and highland zones, respectively. The most drastic alteration
occursin the contribution of the highland cereals grougwhich currently dominates
potential food productionThis group would becomemuch less importantn responseo
climate change, whereas lowland cereals, leguamestheother crops group couleixpand,
with some variations dependingn the moisture conditionsin the different climate

scenarios.

Table5.10analyzeghe impactsof climate changeon potential land productivityn
termsof the main contributing factorspamelychangesf extentsof land with cultivation
potential, changesf crop yields, and changesof cropping intensities. Figure S.1(bar

charts) summarizesur findings in graphical format, showing the relative contributitmn



land productivity changesf changesin the abovemain contributing factorswith and

without consideratiorof impactsdueto increasesf atmospheri€€O, concentration.

Given the wide rangeof landform and climate conditions characterizinghe
baseline conditions of Kenya, it is not surprising to note that the responsgf land
productivity to the analyzedlimate change scenarias rathercomplex.In all caseswe
observean increase in average cropping intensitye., the average numbeof crops that
can be grown per yearincreasesln severalscenarios, althougimot in all cases,the
estimatedextentsof land with crop cultivation potentialincrease as well. Averagecrop
yields, however, generally declime responsdo climate change As notedearlier,the net
effect at country level of combining these three factors is positive & GCM-based
climate change scenariod he tables includedn Appendix 4 are focusedon providing
province and district level results.We leaveit to the reader t@xplorethese resultsn
detail. Evidently, therés a wide rangeof possibleoutcomesjpoth among provincess

well asbetweertlimate change scenarios.



CHAPTER 6
CONCLUSIONS

Kenyacomprisesof a diversity of landscapes: desdike areas stretchingn the
north and north-eastof the country, wide savannas the semiarid regions providing
habitats to numerous beasts and attractions for curious tourists, doaslylands, and
fertile highlands producing highalue castcropssuchascoffeeandtea. Fronthe hot and
dry to thecool and wet, a very broad rangeof environmentalconditionscan be found in
Kenya.This makesKenyaan interesting and fascinatinget complex subject of analysis

regarding:limate changempacts.

Under such conditions. thevised ancgexpanded agrecological zones approach
developedn this study appeansiostappropriate to capturing the diverse impacts thay
affect the agricultural production potentiah different ecologicalconditions. The AEZ
methodis capableof quantifyingboth direct impactsn termsof singlecrop yield changes
andalterationsof extentswith cultivation potentiabs well asmoresubtlechanges related

to quality andlengthof growing conditions and resulting muéiropping intensity

The conclusions extractdtbm the analysi®f climate change impactsn Kenyan

agricultural production potential are multifaceted:

e Overall, land productivity in Kenyais likely to be positively affectedby global
climate change. However, impactf climate change are likelyto vary much

dependingn location.

e Negative impactst provinciallevel occurin severaklimate sensitivity testsand
GCM-basedclimate scenarios, primarilyin Coast provinceand North-eastern
province.Main reasons for negative impacts are exceedingptimal temperature
rangesof crop photosynthesis, shortenioficropcycleand yieldformation periods
dueto warming, and increased evapotranspiration requiremargemeinstances,
particularly in scenariosbasedon transient GCM results, negative impadts
westernKenya occurdue to simulatedpest andlisease damageand worseningof

workability conditionsdueto increased wetness.



e Irnpacts are usually positive forCentralprovince, Nairobiarea, and Eastern
province. The main reasons for simulated positive impacts be attributed to
temperature increases mid/high altitude zones, increased medtiopping index,

andgains fromCO, fertilization.

e Impacts are mixed (thougbften positive) for Rift Valley, Nyanzaand Western
provinces. Dependingn location and scenario, negative impacts are observed
(e.g., Laikipia, Narok, Kericho)as well asvery positive onege.g., Nakuru, West

Pokot,Elgeyo/Marakwet).

e Despiteof overall positive results, impacté climate changeon land productivity
are likelyto intensify regional disparitieandtherebymayincrease the potentiafor

social conflicts.

e The high-potential agricultural land® centraland westerrKenyawill dominate
the agricultural production potential even more unglejected climate change
conditions. Utmost protectioand care in developing these limited and precious

land resources shoulde given highestpriority in agriculturalpolicy formulation.

The uncertainty associatedth projections of climate changeand assessmentsf
impactson agricultural potential calls for attentive preparednessgadily take advantage
of beneficial impactsof climate change and increased atmosphdfi®,, to mitigate
negative impactsf climate change wherghey cause los®f productive capacity, ando
cope with the technologicaland social challengesof changing patternsof land
productivity. In essence, however, thiswill require addressingmany problems which

concernfarmersanddecision makers already today.
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