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Measuring the Impact of Extreme Weather 
Phenomena on Total Factor Productivity 
of General Cropping Farms in East Anglia
Yiorgos Gadanakis, University of Reading, Reading, UK

Francisco Jose Areal, University of Reading, Reading, UK

ABSTRACT

OneofthemainchallengesofclimatechangeonagricultureinUKishowtoadapt
tothepotentialchangestotheavailabilityofwater.Changesinrainfalldistribution
maypotentiallyleadtoanincreaseindroughtfrequency,magnitudeandduration.In
thisresearchaDataEnvelopmentAnalysis(DEA)andaMalmquistIndex(MI)are
combinedwithadoublebootstrapmethodologytomeasurechangesinTotalFactor
ProductivityofgeneralcroppingfarmsinEastAnglia.Morespecifically, theDEA
techniquewasusedtomeasuretheyearbyyearefficiencyscoreforthefarmsinthe
sampleandtheMIanditscomponentsusedtoderiveinformationonproductivityover
time.Datafortheinput–outputmodelswasobtainedfromtheFarmBusinessSurvey.
Climatechange is taken intoconsiderationbyusingdata forwatercostasaproxy
indicatorofwaterconsumptionperfarm.Resultsrevealchanges in total, technical
andscaleefficiencyandprovideinformationonhowthe2011droughtaffecttheTFP
ofthefarmsinthesample.

KEyWoRdS
Agriculture, Bootstrapped Malmquist Index, Climate Change, DEA, Farm Business Survey, Malmquist 
Index, Sustainable Intensification, Technical Efficiency Change, Total Factor Productivity
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INTRodUCTIoN

MeasurementsofTotalFactorProductivity(TFP)growthhavebeenwidelyusedin
agricultureasaquantitativeeconomicinstrumenttoevaluateproductionperformance
offarmingsystemsinsubsequentperiods(Melfou,Theocharopoulos,&Papanagiotou,
2013).ThedecompositionofTFPintotheefficiencyandtechnicalindexcomponents
and the observation of the trends in consecutive years contribute to the design
of targeted policies aiming to improve agricultural productivity and sustainable
development.

Twoofthemostimportantchallengesforthefuturegrowthofagriculturalsystems
globallyareclimatechangeandincreasedfooddemand.Globalfooddemandislikely
toincreaseby70%by2050duetobothpopulationgrowthandchangesinconsumption
patterns(ForesightReport,2011).Ontheotherhand,theimpactsofclimatechange
mayvarygloballyandatanationallevelbothinmagnitudeandnature(positiveand
negativeeffects)(Falloon&Betts,2010).

Changesinrainfallandtemperaturemayhaveasignificantimpactonagricultural
productionfortheUKandhencetheymayinfluencethewaythatcropsdevelop,grow
andyield(Knox,Morris,&Hess,2010;Murphyetal.,2009).Furthermore,theremay
alsobeindirectimpactssuchastheincreasedriskandspreadofpestsanddiseasesand
thesuitabilityoflandforagriculturalproduction,especiallyinpartsofEastAnglia
duetosaltwaterintrusionandfloodingfromsealevelrise(Knoxetal.,2010).

RecentextremeweatherphenomenaintheUKduringtheperiodof2007-2013,
suchasthefloodsof2007,thedroughtperiodsof2010and2011,andthesubsequent
floodsof2012and2013,hadanimpactonTFPrecordedbytheDepartmentforthe
Environment,FoodandRuralAffairs (Defra).Specifically,TFPin2007wasat its
lowestlevelduringtheaforementionedperiod(98.2)andfellby2.9%fortheperiod
2011-2012(98.7)reachingthelevelsof2007.AccordingtoDefra(2013),themain
reasonsforthevariationinTFPestimatesbetweenyearsarefactorsoutsidethecontrol
offarmerssuchasextremeweatherphenomenaanddiseaseoutbreaks.

In the case of the East Anglian River Basin Catchment (EARBC), increased
temperatures and reduced precipitation have direct impacts on the hydrological
structureofthearea(Defra,2009;EnvironmentAgency,2008,2011)duetoincreased
waterabstractionratesforagricultureanddecreasedwateravailability.Consequently,
bothclimatechangeandthereductioninhydrologicalresourcesmayaffectthegrowth
ofTFPintheEARBC.Anydesireforasecurefoodsupply,efficientmanagementof
naturalresources,andresiliencetomorefrequentextremeweatherphenomenarequires
the development of adaptation strategies for farmers and for prioritising the need
forthesustainableintensification(SI)ofagriculture(FAO,2011;ForesightReport,
2011).Firbank,Elliott,Drake,Cao,andGooday(2013)defineSIatfarmlevelasthe
processofincreasingagriculturalproductionperunitofinputwhilstatthesametime
ensuringthatenvironmentalpressuresgeneratedatafarmlevelareminimised.Thus,
themainpriorityundertheframeworkofSIistheincreaseinproductivityoffarming
systems. In addition, according toGadanakis,Bennett,Park, andAreal (2015),SI
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canbeperceivedasthetrade-offbetweenproductionefficiencyandenvironmental
efficiencyandhenceevaluatedwiththeuseofaneco-efficiencyindicator.

Agricultural productivity depends on the ability of the farmer to take actions
and develop strategies that contribute to the development of the farming system’s
adaptivecapacitytowardsextremeweatherphenomenaandlong-termadverseclimatic
conditions (Campbell, Thornton, Zougmoré, van Asten, & Lipper, 2014). This is
required for responding effectively to climatic changes and to agricultural risks
associatedwithincreasedvariabilityofweatherpatterns(rainfall,temperature).Thus,
theaimoftheanalysishereistoexploretheimpactofextremeweatherphenomenain
agriculturalproductivityforthemostproductiveregioninEngland(EARBC).Inward
shiftsoftheproductionpossibilitiesfrontierwilldefineundesirablechangesinthe
global technology of the farming systems and therefore will direct policy makers
and service providers to enhance actions towards building ecosystem services in
agriculturalsystemsthatenhanceresilience.IntheframeworkofSI,thisistranslated
asthedevelopmentofmanagementandfarmingpracticesthataimtotheimprovement
ofsoilhealthtoguaranteeadequatenutrientandwaterresourcesforplantdevelopment.
Moreover,itrequirestheadoptionoftechnologiesandcropsthataremoretolerantof
heat,droughts,floodsandsalinity(Campbelletal.,2014)andtorealisetheadvantages
of thesynergiesbetweenmixedcropandlivestocksystems.Theanalysismeasures
changesinagriculturalproductivity(TFP)foraperiodof5yearsusingaMalmquist
IndexintheEARBC.

BACKGRoUNd

Productivityisdefinedasameasureoftherateofoutputproducedgivenaunitof
inputusedintheproductionprocess(partialproductivity).However,TFPisamore
comprehensive measure relying on the ratio of an index of aggregated outputs to
anindexofaggregatedinputs.Accordingtoproductiontheory,thedeterminantsof
therateofoutputarebasedonthetechnologyused,thequantityandqualityofthe
productionfactorsandtheefficiencywithwhichthesefactorsareemployedin the
productionfunction(Melfouetal.,2013).Thus,anydivergenceinTFPgrowthisthe
resultoftheneteffectofchangesinefficiency,shiftsintheproductionfrontierand
thescaleofproduction(Färe,Grosskopf,Lindgren,&Roos,1992).

AseriesofstudieshaveexploredtheTFPoftheagriculturalindustryintheUKand
arepresentedinTable1.DefrareleasesanannualreportonTFPoftheUKagricultural
industrybasedontheestimationofanidealFisherindex,whichisthegeometricmean
of theLaspeyresandPaache indices.Thirtle,Piesse,andSchimmelpfennig (2008)
providedaTFPinUKagriculturefrom1995-2005basedonaTornqvist-TheilTFP
index (Thirtle, Lin Lin, Holding, Jenkins, & Piesse, 2004) in an effort to explain
thedeclineinTFPasafunctionofthelaginresearchanddevelopment(publicand
private)andtoreturnstoscale.Thisindexrevealsalmost2%growthinTFPperyear
upuntil1983;fortheremaining18yearsstudiedthisfellto0.2%.Moreover,thelevel
ofTFPfortheUKpost-1983hadfallenbehindtheEUleadingcountries(Thirtleet
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al.,2008).TheTornqvist-TheilTFPindexwasalsousedby(Barnes,2002)andwas
modifiedtoincludetheenvironmentalandsocialcostsofagriculturalproductivityfor
theconstructionofasocialTFPindex.Furthermore,(Amadi,Piesse,&Thirtle,2004)
extendedtheworkof(Thirtle,1999)byconstructingandmeasuringTornqvist-Theil
TFPindicesforpotatoes,oilseedrape,winterwheatandspringbarley,aswellassugar
fortheEastcountiesoftheUKusingdatafrom1970to1997.Renwick,Revoredo-
Giha,andReader(2005)alsousedtheTornqvist-TheilTFPindextomeasurechanges
intheproductivityoffarmsindifferentregionsoftheUKduetoreformofthesugar
beetregime.Thisanalysisshowedaslightdecreaseintheproductivityofindividual
farmsduring1994-2002.

Inaddition,Hadley(2006)usedfarmleveldatafortheestimationofstochastic
frontierfunctionstomeasuredifferencesintherelativeefficiencyof8differentfarm
typesintheUKfortheperiod1982-2002.Theresultsillustratethatmostofthefarms
areoperatingclosetothetechnicalefficiencyfrontierandthattechnicalchangehas
playedakeyroleintheincreaseofefficiencyoverthis20-yearperiod,especiallyin
themostspecialisedarablefarms.Inasimilarmanner,Barnes,Revoredo,Sauer,and
Jones(2010)madecomparisonsoftechnicalefficiencyfordifferentfarmingsystems
acrossEnglandandWales,reportingageneralupwardtrendintechnicalefficiency
throughout the period. English and Welsh general cropping farms have a reported
mean of technical efficiency of 0.74 although with considerable variation around
themean(Hadley,2006).Earlierstudiesontechnicalefficiencyincluderesearchby
Dawson(1985),Wilson,Hadley,Ramsden,andKaltsas(1998),andWilson,Hadley,
andAsby(2001).

Theabove-mentionedliteraturehasnotpaidattentiontotheimpactofextreme
weatherphenomenaonfarmlevelproductivityinthewayitisdoneinthisanalysis.
Hence,thisanalysiscontributesintheareabydemonstratinghowthedecomposition
of a TFP index such as the MI can be used to associate shifts of the frontier to
extremeweatherphenomena,andhenceallowforfutureresearchintheareaofspatial
heterogeneityandagriculturalproductivity.

dATA ANd METHodS
data
Datafortheempiricalapplicationofthemodelcomefromarepresentativesampleof
41GeneralCroppingFarms(GCFs)overtheperiod2007-2011.Thedatahavebeen
obtainedfromtheFarmBusinessSurvey(FBS),whichisacomprehensiveanddetailed
databasethatprovidesinformationonthephysicalandeconomicperformanceoffarm
businessesinEngland.TheselectionofthissubsetofGCFsensuresthatthesample
ishomogenousintermsofcropmixandenvironmentalconditionsandthusmakes
itpossibletocompareperformancesovertime.The41GCFsselectedovera5-year
periodyieldapaneldatasetwith205observationsavailableforefficiencyassessment.
FortheevaluationoftheMIofTFPthisprovides164observations(sincetheanalysis
utilisesdatafromtwoadjacentyearsatatime).
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TheproductiontechnologyfortheestimationoftheMIofTFPwasdefinedbythe
areafarmed,cropcosts(includingfertiliser,cropprotection,seedandotheragricultural
costs),othermachinerycosts,totallabourinput(hoursperyear),andwatercostper
farmincludingwaterforirrigationandwaterusedforallagriculturalpurposes.The
selectionof inputswasbasedonthestructureof theproductionsystem.Cashcrop
productionsystemsdemandheavymachineryaswellaslabour.Furthermore,since
cashcropsare sensitive topests anddiseasesoutbreaks, cropprotectioncosts and
fertilisersarehavingasignificant impact to the totalproductioncostexpressedby
theproductiontechnology.Theoutputsidentifiedintheanalysisarecashcropand
cerealyield.CashcropproductioniscalculatedthroughtheFBSandisequaltothe
sumofpotatoandsugarbeetproduction.

Table 1. Summary of Total Factor Productivity studies in the UK agricultural sector

Author Year 
published

Title Productivity Index Period 
considered

Departmentof
EnvironmentFood
andRuralAffairs

Annualreport TotalFactorProductivity
oftheUKagricultural
industry

LaspeyersandPaache
indices:Annualstatistics
givinganindicatorofthe
long-termperformance
oftheUKagricultural
industry.

Since1973

Barnes,Revoredo,
Saueretal.

2010 Areportontechnical
efficiencyatthefarmlevel
1989to2008

StochasticFrontier
Analysis

1989-2002

Thirtle,Piesse&
Schimmelpfennig

2008 Modellingthelengthand
shapeoftheR&Dlag:
anapplicationtoUK
agriculturalproductivity

Tornqvist-Theil 1995-2005

Hadley 2006 PatternsinTechnical
EfficiencyandTechnical
ChangeattheFarm‐level
inEnglandandWales,
1982–2002.

StochasticFrontier
Analysis

1982-2002

Renwick,Revoredo-
Giha&Reader

2005 UKSugarBeetFarm
ProductivityUnder
DifferentReform
Scenarios:AFarmLevel
Analysis

Tornqvist-Theil 1994-2002

Amadi,Piesse&
Thirtle

2004 CropLevelProductivity
intheEasternCountiesof
England,1970-97

Tornqvist-Theil 1970-1997

Thirtle,Lin,
Holding,etal.

2004 ExplainingtheDecline
inUKAgricultural
ProductivityGrowth

Tornqvist-Theil 1953-2000

Barnes 2002 Publicly-fundedUK
agriculturalR&Dand
‘social’totalfactor
productivity.

Tornqvist-Theil 1948-1995
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Allinputsexpressedin£/hafortheperiod2007-2011havebeendeflated,using
indicesbasedon2005publishedbytheDepartmentforEnvironment,FoodandRural
Affairs(DEFRA)(API–Indexof thepurchasepricesof themeansofagricultural
production–dataset(2005=100)).Specifically,thefollowingindexeshavebeenused:
fertilisersandsoilimprovementindex,seedsindex,plantprotectionproductsindex,
farmmachineryandinstallationindex,andothercostsindex.Theindexeshavebeen
selectedaccordingtotherelevanceofthedataaggregatedatafarmlevelthroughthe
FBS.

Table2presentsadescriptionofthesampleusedtobuildtheinputandoutput
DEAmodelsfortheestimationoftheMIofTFP.Thefinalrowprovidesinformation
on the average percentage change in volumes of inputs and outputs for the 5-year
period. The mean output for both cash crops and cereals grew by 11.33% and by
2.6% respectively. However, it is interesting to note that between 2010 and 2011,
cerealyielddroppedby9%while thecashcropyieldincreasedby22%.Thelatter
isrelatedtothewarmerconditionsin2011whichfavoursugarbeetandpotatoyield
(whenirrigationisavailable).Lowyieldshavebeenobservedforbothcashcropsand
cerealyieldsduringtheharvestyearof2007whileduringthe2009harvestyearyields
reachedthemaximumvalue.Farmedareaandtheannuallabourhourshaveasmall
variationacrossthe5-yearperiodrecordinga0.4%and1.1%increaserespectively.
Theinputwiththehighestaverageincreasein£/haovertheyearsiswater;however,
thereisnodifferenceinthevariationduringtheyears.Thesameconclusioncanbe
drawnformachineryandcropcosts thatrecordedanaverageincreaseof5.9%and
3.8%overtheyears.

East Anglian River Basin Catchment (EARBC)
TheclimateinEastAngliaischaracterisedbyanannualrainfallaround620mmper
yearandincludessomeofthedriestareasintheUK.Furthermore,theEARBChas
beencharacterisedasoneofthemostvulnerableareasintheUKintermsofclimate
change(Defra,2009;EnvironmentAgency,2008,2011).Thismainlyimpactsboth
landsuitabilityandproductivity(yieldandcropquality).Inaddition,projectedreduced

Table 2. Descriptive statistics of the inputs and outputs used in the DEA linear programming model for the estimation 
of efficiency and the MI of TFP

Farmed 
area (ha)

Labour 
(annual 
hours)

Water 
cost (£/

ha)

Machinery 
cost (£/ha)

Crop 
costs (£/

ha)

Cash crops 
(tonnes/

ha)

Cereal 
(tonnes/

ha)

Mean 331 8364 9 70 378 57 8

St.Deviation 467 13868 9 51 136 15 2

Minimum 23 960 0 5 203 20 3

Maximum 2204 67381 35 216 840 92 10

Average%changein
meanperyear

1.1 0.4 7.7 5.9 3.8 11.3 2.6
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levels of rainfall and evapotranspiration would increase demand for supplemental
irrigation,particularlyinhighvaluecropssuchaspotatoesandsugarbeet,andhence
wouldincreasethedemandforwaterresourcesinanalreadyover-abstractedcatchment.

Methods: The Malmquist Index of Total Factor Productivity
A Malmquist Index (MI) of TFP is used to measure changes in productivity for
the period 2007-2011. Focusing only on technical efficiency estimates and their
distribution over the study period is not a sufficient method to provide complete
informationonchangesinperformanceoveryears(Odeck,2009;Simar&Wilson,
1999).TheestimationoftheMalmquistIndex(MI)ismoreappropriatesinceitenables
theexplanationofchangesindistancefunctionsoveryearsduetomovementswithin
theinputoroutputspace(efficiencychange)andprogressorbackwardmovementof
theproductionsetovertime(technologicalchange).Specifically,attentionisdrawnto
theperiods2007-2008and2010-2011wherefloodsoccurinpartsofthecountyand
lower-than-averagelevelsofrainfallwererecorded,respectively.Thedecomposition
oftheMIintoitscomponentsandespeciallytheTechnicalEfficiencychangeindex
allowstheestimationoftheimpactofdroughtintheEARBC(Piesse,Thirtle,&van
Zyl,1996).TheMIismorecompletethantheTornqvist-Theilmethodusedinprevious
studiesintheUKsinceitispossibletoseparatetechnical(themovementofthebest
practice frontier) and efficiency change (the distance of farms from the frontier).
Thus,itispossibletoidentifyifexogenousfactorssuchasresearchanddevelopment
orweatherphenomenahavean impacton thefrontieror if technicalchangeswere
followedupbysimilarornotefficiencychanges(Piesse&Thirtle,2010).Forexample,
it allows estimation of whether an outward shift of the technological frontier was
followedupbyfarms,improvingtheirefficiencyandhencereducingtheirdistance
tothenewfrontier.Moreover,theMIofferstheadvantagethatmulti-inputandmulti-
outputtechnologiescanbeestimatedevenintheabsenceofpricedata.Inaddition,we
usethemethodologyproposedbySimarandWilson(1998b,1999,2000)toestimate
andbootstrapMalmquistIndicesinordertodeterminewhetherdifferencesbetween
twoormoreestimatesarestatisticallysignificant.

TheTFPmeasureswerecalculatedusingaMalmquistDEATFPmethodology
whichenablesthedecompositionoftheMIintotechnicalchange,technicalefficiency
change, scale efficiency changes and a further decomposition of technical change
proposedbySimarandWilson(1999).TheMIofTFPis furtherdecomposed into
technicalandefficiencychangeasproposedbyFäreetal. (1992). Inaddition, the
indexofefficiencychangeisdisaggregatedintopureefficiencyandscaleefficiency
changewhichallowsdiscussionoftheimportanceoffarmsizeandreturnstoscale
overtime.Moreover,SimarandWilson(1998)haveproposedthedecompositionofthe
technicalefficiencycomponentoftheMIintothepuretechnicalandscaleefficiency
changethatalsoallowstheconsiderationofreturnstoscalewhenshiftsofthebest
performingfrontierareaccountedfor.

TheMalmquistindex(MI)oftotalfactorproductivity(TFP),introducedbyCaves,
Christensen,andDiewert(1982)andfurtherdevelopedbyFäreetal.(1992),isbased
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on the estimation of distance functions. For the purposes of the analysis an input
orientation Malmquist index is adopted since farmers have more control over the
adjustment andefficientuseof inputs rather than theexpansionofoutput (Kelvin
Balcombe,Davidova,&Latruffe,2008).Specifically,theMIbetweenperiod t and
t +1  is defined as the ratio of the distance function for each period relative to a
commontechnology.Therefore,theMIbasedonaninputdistancefunctionisdefined
as:

M
D x y

D x y
I
t I

t t t

I
t t t

=
( )
( )

+ +1 1,

,
 (1)

Equation(1)isexpressingtheratiobetweentheinput-distancefunctionforafarm
observedatperiod t +1 and t ,respectively,andmeasuredagainstthetechnologyat
periodt .ValuesoftheM

I
< 1 indicatenegativechangesinTFP,valuesoftheM

I
> 1 

indicate positive changes in TFP while values of M
I
= 1  indicate no change in

productivity.
However,sincethechoiceofperiod t or t +1 asthebaseyearisarbitrary(i.e.

thebaseyearcanbeeitherperiod t orperiod t +1 ),Färeetal.(1992)definedthe
MIofTFPasthegeometricmeanofthe t and t +1 Malmquistindices.Therefore,
foreachfarmtheinputorientationMalmquistindexisexpressedasfollows:

M
D x y

D x y

D x y

D x
I
t t I

t t t

I
t t t

I
t t t

I
t t

,
,

,

,

,
+

+ + + + +

+
=

( )
( )

( )
1

1 1 1 1 1

1 yyt( )



















1
2

 (2)

whereM
I
t t, +1 referstotheMIofTFPfromperiodttoperiod t +1 ; x yt t,( ) isthefarm

input-output vector in the tth  period; D x y max x P
I
t t t t+ + +( ) = > ( )∈{ }1 1 1

0, :θ
θ

 is the

inputdistancefromtheobservationinthet+1periodtothetechnologyfrontierofthe
tth periodwithP yt+( )1 �theinputsetatthe t +1 periodand θ isascalarequaltothe
efficiencyscore.Theindicesarecalculatedwiththeuseofthenon-parametricDEA
method in order to construct a piecewise frontier that envelopes the data points
(Charnes,Cooper,&Rhodes,1978).The technologyassumptionmade toestimate
the MI of TFP is CRS. Otherwise, the presence of non-CRS does not accurately
measureproductivitychange(Grifell-Tatjé&Lovell,1995).Themainadvantageof
theDEAmethodisthatitavoidsmisspecificationerrorsanditenablestheinvestigation
of changes in productivity in a multi-output, multi-input case simultaneously (K.
Balcombe,Fraser,Latruffe,Rahman,&Smith,2008).Furthermore, theuseof the
DEAmethodfortheestimationoftheMIofTFPmakesiteasytocomputesinceDEA
doesnotrequireinformationonprices.
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Inaddition,theindexinequation(2)canbedecomposedintotwocomponents:
efficiencychangeandtechnologicalchange:

M
D x y

D x y

D x y

D
I
t t I

t t t

I
t t t

I
t t t

I
t

,
,

,

,
+

+ + + + +

+
=

( )
( )

∗
( )

1

1 1 1 1 1

1
  

xx y

D x y

D x y

Eff Tec

t t

I
t t t

I
t t t+ + +( )
( )
( )



















∆ ∆

1 1 1

1
2

,

,

,

hh

 (3)

Thefirstpartofequation(3)isanindexofrelativetechnicalefficiencychange
(∆Eff)showinghowmuchcloser(orfarther)afarmgetstothebestpracticefrontier.
Itmeasures the “catchup” effect (Färe et al., 1992).The second component is an
indexoftechnicalchange(∆Tech)whichmeasureshowmuchthefrontiershifts.Both
componentstakevaluesmore,lessorequaltounityasisthecaseoftheMIofTFP
indicatingimprovement,deteriorationandstagnationrespectively.

Statistical Inference for MI of TFP and Their Components
TheTFPmeasureswerecalculatedusingaMalmquistDEATFPmethodologywhich
enablesthedecompositionoftheMIintotechnicalchange,technicalefficiencychange,
scaleefficiencychangeandafurtherdecompositionoftechnicalchangeproposedby
SimarandWilson(1999).DespitethesignificantadvantagesofDEAforthecalculation
oftheMIofTFPweneedtoconsiderthefactthattheestimatesofproductivitymay
beaffectedbysamplingvariation.Inotherwords,itispossibletounderestimatethe
distancefunctionstothefrontierifthebestperformingfarmsinthepopulationare
excluded from the sample (K. Balcombe et al., 2008; Simar & Wilson, 1999). To
overcomethisshortcomingSimarandWilson(1998,1999)proposedabootstrapping
methodfortheconstructionofconfidenceintervalsfortheDEAefficiencyestimates
relyingonsmoothingtheempiricaldistribution.Therationalebehindbootstrapping
istosimulatethetruesamplingdistributionbymimickingthedatagenerationprocess
(DGP)(K.Balcombeetal.,2008).ThroughtheDGPapseudo-datasetisconstructed
whichis thenusedfor there-estimationof theDEAdistancefunctions.Increasing
thebootstrappedreplicates(morethan2000(SimarandWilson,1998b))allowsfor
agoodapproximationofthetruedistributionofthesampling.

SimarandWilson(1999)adaptedthebootstrappedprocedurefortheestimation
oftheMIofTFPinordertoaccountforpossibletemporalcorrelationarisingfrom
thepaneldatacharacteristics(Balcombeetal.,2008a).Specifically,theyproposed
aconsistentmethodusingabivariatekerneldensityestimate thataccounts for the
temporalcorrelationvia thecovariancematrixofdata fromadjustmentyears.The
bootstrappedestimatesofthedistancefunctionsallowthecalculationofasetofMI
ofTFPwhichaccountsforthebiasandenablestheestimationofconfidenceintervals.
ThelatterareusedforstatisticalinferenceoftheMIoftheTFPanditscomponents.
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A detailed presentation for the estimation and bootstrapping of MI is available in
SimarandWilson(1999).

Non-parametrictestssuchastheKruskalWallisandMann-WhitneyUtestswere
usedtodeterminestatisticaldifferencebetweenMIyearsandfarmsizes.

Results
Changes in Productivity and Efficiency Over Time and Farm and its 
Decomposition into Pure Technical and Scale Efficiency Change
Table4reportsthemeanandstandarddeviationoftheMIofTotalFactorProductivity
(TFP)perfarmsizebetween2007and2011.InTable3,valuesoftheMIaboveunity
indicateimprovementinproductivity,whilevaluesbelowunityindicatedeterioration
in productivity. In addition, the significance of these changes is reported for each
farminTable31.

TheMI results inTable3 show that farmproductivitywasaffected inperiods
withadverseclimaticconditions(2007-08and2010-11).OnlyfarmID6improved
productivity for the period 2007 and 2008 and only 3 farms (7%), farms ID 9, 22
and23,haveconsistentlybeenimprovingtheirperformancebetween2008and2011
(p-value<0.10).ThemostimportantpositiveshiftinMIisrecordedbetween2008
and2009where71%ofthefarmsinthesamplesignificantlyimprovedproductivity
followedbytheperiod2009-10with56%offarmsimprovingtheirperformance.In
theperiodbetween2010and2011,only27%offarmsimprovedtheirproductivity,
withtheaverageMIofTFPbeingbelowunityindicatingthisgeneraldropinfarm
productivity.

Theeffectofadverseclimaticconditionsaffectedtheproductivityofallfarmsina
similarway.Table4providesfurtherinformationinrelationtotheTFPchangeperfarm
sizeandtime.Toexploreanystatisticallysignificantdifferencesbetweenfarmsize
andproductivitychanges,theKruskall-Wallis(one-wayanalysisofvariancebyranks)
testwasused.Thenullhypothesisofsamplesoriginatingfromthesamedistribution
wasnotrejectedforanyperiod.This indicates thatnosignificantdifferencesexist
betweendifferentfarmsizesineachoftheperiodsstudiedinrelationtochangesin
productivity.However,statisticallysignificantdifferencesinTFPwerefoundbetween
allyearswiththeexceptionofyears2008/09and2009/102.Hence,itshouldbenoted
thatduringthetwoperiodsofextremeweatherphenomena,the2007/2008floods(Pitt
andBritain,2008)andthe2010/2011drought,productivitysignificantlydeteriorated.

Productivityoverthewholeperiodofthestudyhasslightlydeterioratedforall
farm sizes.The averageMI for the5-year period for the large,mediumand small
farmsis0.99,0.97and0.96respectively.Year2007isconsideredthebaseyearfor
thecalculationoftheMI.Allaveragesarereportedasgeometricmeans.Duringthe
periods2007and2008theTFPdeteriorated(MI<1)forallfarmsizes.Ontheother
hand,significantimprovement(MI>1)isrecordedforthe2008/2009and2009/2010
periods for both medium and large farms while for the period between 2010 and
2011wheredroughtconditionswereprevailingtheMIislessthanunity,identifying
deterioration inTFP for the two farm sizes.The farm sizemost affected from the
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weatherconditionsin2010and2011isthesmallsizefarmwithanaverageofMI=0.96
forthe2010/2011period.Inaddition,theMIforthesmallsizefarmsisbelowunity
forallpairedyearswithanexceptionfortheperiod2009/2010whereasignificant
improvementinproductivityisindicated.ThislargeincreaseintheMIforthesmall

Table 3. Statistical significance of the MI of TFP per farm per period

Farm ID Malmquist total factor productivity index

2007-2008 2008-2009 2009-2010 2010-2011

1 0.796*** 1.186*** 1.249*** 0.898

2 0.695*** 1.547*** 0.880*** 1.069**

3 0.679*** 0.848*** 1.724*** 0.769***

4 0.867*** 1.205*** 0.893*** 0.994

5 0.834*** 1.608*** 1.546*** 0.599***

6 1.063*** 1.003 1.408*** 0.644***

7 0.801*** 1.096* 0.983 0.984

8 0.698*** 0.543*** 1.579* 0.764***

9 0.665*** 1.185*** 1.071*** 1.096***

10 0.819*** 2.242 0.497*** 0.819***

11 0.840*** 0.935*** 0.928*** 1.008

12 0.669*** 1.343*** 1.525*** 0.859***

13 0.791*** 1.235*** 0.915 0.696***

14 0.757*** 1.278*** 0.791*** 1.650***

15 0.733*** 1.416*** 0.924** 1.056**

16 0.796*** 1.362*** 0.630*** 1.156***

17 0.785*** 0.560*** 1.630** 1.174***

18 0.872*** 1.270*** 0.946 0.871***

19 0.856*** 0.664*** 1.547*** 0.669***

20 0.743*** 0.285*** 5.227** 0.934

21 0.631*** 1.091*** 1.121 1.035

22 0.691*** 1.048*** 1.117* 1.081***

23 0.871*** 1.193*** 1.044*** 1.111***

24 0.719*** 1.452*** 1.154*** 0.712***

25 0.618*** 1.446*** 1.062 0.958*

26 0.789*** 1.159*** 1.175*** 0.966

27 0.829*** 0.978 1.130** 0.961

28 0.939* 1.098*** 1.074*** 0.978

29 0.945*** 1.034*** 1.133*** 1.013

30 0.872*** 1.115** 0.959*** 1.124

31 0.919*** 0.938 1.142*** 1.007

32 0.930* 1.089* 0.973 0.935**

33 0.689*** 0.981 1.226*** 0.858***

34 0.560*** 1.322*** 0.976** 0.988

35 0.728*** 1.106** 1.116 0.985

36 0.809*** 1.279*** 1.104*** 1.035

37 0.946 0.920 1.530** 1.157***

38 0.761*** 1.444*** 0.953 1.202**

39 0.647*** 1.144*** 0.945 1.320

40 0.782*** 1.037* 1.212*** 0.779***

41 0.765*** 1.271*** 0.936*** 1.072***

* Significantly different from unity at 0.1 level,
** Significantly different from unity at 0.05 level
*** Significantly different from unity at 0.01 level
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sizefarmsismainlyduetoasinglefarm(farm20)whichintheperiod2009/2010had
MI=5.227,identifyingalargeimprovementintechnicalefficiencywhendecomposing
theMIintotechnicalandefficiencychange.Ifthisfarmisexcludedfromthesample
thenthecurvebecomessmootherwithanaverageofMI=1.188.

The MI consists of two components: a) Efficiency Change (e.g. management
change)andb)Technicalchange(productiontechnology).Detailedpresentationsof
theefficiencyandtechnicalchangeestimatesarepresentedinTableA.1andTable
A.2 in Appendix A. Färe et al. (1994) decomposed efficiency change further into
twomorecomponents:a)Pureefficiency(undertheassumptionofvariablereturns
toscale)andb)Scaleefficiency.

Table5providesfurtherinformationonthedecompositionoftheMIforthesample
presentinginformationfor thegeometricmeansof thefarmsfor the5-yearperiod.
TheefficiencychangecomponentoftheMIofTFPisrelatedtodistancefunctions
measuringshiftsofthefarmsinthesampletowardsthefrontier.Itestimateswhether
afarmisgettingcloser(catchingupeffect)orfartherfromthefrontier(Färeetal.,
1994)andisthereforeameasureoftechnicalefficiencychange.Ontheotherhand,
the technicalchangeindexprovidesarepresentationof theshifts to thefrontierof
thesamplebasedoneach farm’sobserved inputmixduring thestudyperiod. It is
thereforepossiblewiththisdecompositiontoisolatetheeffectoftechnicalefficiency
(catchinguptothefrontier)fromoutwardorinwardshiftsofthefrontier.Inaddition,
theproductofefficiencyandtechnicalchangeshouldbydefinitionbeequaltotheMI
oftheperiodanditispossiblethatthesecomponentsaremovinginoppositedirections.
Forinstance,farm1hadthecapacitytoimproveproductivityoverthe5-yearperiod
and its geometric mean of MI was 1.015. The index of efficiency change (1.082)
indicatesanimprovementofefficiency,andtherefore,indicatesanimprovementin
inputsavingsby8.2%whiletheindexoftechnologicalchange(0.937)impliesthatthe
farmfailedtomaintaininputsavingtechnology.However,thislaggingperformance
intechnologicalchangedidnotoutweighsignificantlytheimprovementinefficiency
changeandthustheoverallproductivitywasimprovedby1.5%intheobservedperiod.
Itisthereforeconcludedforfarm1thattheimprovementinproductivityismainlydue
toefficiencyimprovementsratherthantechnologicalchanges.Thesameisconcluded
forthemajorityofthefarmsinthesamplewhenthegeometricmeansfortheMIand
itscomponentsofefficiencyandtechnicalchangeareconsidered.Specifically, the

Table 4. The MI of TFP per year and per farm size

Farm Size Malmquist Index1

2007/2008 2008/2009 2009/2010 2010/2011

Mean SD Mean SD Mean SD Mean SD

Large 0.78 0.12 1.16 0.37 1.11 0.32 0.95 0.23

Medium 0.78 0.07 1.14 0.19 1.02 0.19 0.97 0.15

Small 0.73 0.02 0.81 0.40 1.53 1.66 0.94 0.19
1Since the Malmquist index is multiplicative, these averages are also multiplicative (i.e. geometric means)
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geometricmeanoftheMIofTFPforthe5-yearperiodis0.98,whileforefficiency
changeitis1.03and0.96forthetechnicalchange.Hence,thedeteriorationinestimated
productivity was mainly due to fall back of the frontier rather than a reduction in
technical efficiency of the farms. In other words, although farms have improved
theirmanagementperformanceinordertoshiftefficiencyupwards,otherexogenous
factorssuchasextremeweatherphenomena(2007/2008floods,2010/2011drought)

Table 5. Geometric mean of MI components per farm and farm ranking with respect to MI

Farm ID MI Efficiency Change Technical 
Change

Pure Efficiency 
Change

Scale Efficiency 
Change

Ranking with respect 
to MI1

1 1.015 1.082 0.937 1.000 1.082 10

2 1.003 1.006 0.997 0.994 1.012 15

3 0.935 0.950 0.984 1.000 0.950 34

4 0.981 0.986 0.995 0.991 0.995 19

5 1.056 1.139 0.927 1.098 1.037 4

6 0.992 1.048 0.946 1.052 0.997 18

7 0.960 1.000 0.960 1.000 1.000 29

8 0.822 0.889 0.925 0.921 0.965 41

9 0.981 1.000 0.981 1.000 1.000 20

10 0.930 1.000 0.930 1.000 1.000 35

11 0.926 0.985 0.940 0.939 1.048 36

12 1.041 1.077 0.967 1.015 1.061 7

13 0.888 1.000 0.888 1.000 1.000 39

14 1.060 1.118 0.948 1.051 1.063 2

15 1.003 1.002 1.001 0.988 1.015 14

16 0.943 0.956 0.986 0.962 0.994 32

17 0.958 1.000 0.958 1.000 1.000 30

18 0.978 1.008 0.969 1.077 0.936 23

19 0.876 1.000 0.876 1.000 1.000 40

20 1.008 1.000 1.008 1.000 1.000 13

21 0.945 1.000 0.945 1.000 1.000 31

22 0.967 0.943 1.025 0.892 1.058 27

23 1.048 1.022 1.025 1.000 1.022 5

24 0.962 1.065 0.903 1.051 1.013 28

25 0.976 0.977 1.000 1.034 0.945 24

26 1.009 1.055 0.957 1.006 1.048 12

27 0.969 1.000 0.969 1.000 1.000 26

28 1.020 1.139 0.895 1.091 1.044 9

29 1.029 1.096 0.939 1.035 1.058 8

30 1.012 1.045 0.968 1.030 1.015 11

31 0.998 1.050 0.950 1.041 1.009 16

32 0.980 1.000 0.980 1.000 1.000 22

33 0.918 0.967 0.950 0.969 0.997 38

34 0.919 0.928 0.991 0.923 1.005 37

35 0.970 0.980 0.990 0.986 0.994 25

36 1.043 1.129 0.924 1.096 1.030 6

37 1.114 1.100 1.013 1.104 0.996 1

38 1.059 1.139 0.930 1.085 1.050 3

39 0.981 1.006 0.975 0.992 1.014 21

40 0.936 1.000 0.936 1.000 1.000 33

41 0.994 1.027 0.968 0.991 1.037 17

MI: Malmquist Index, Note: All indices are geometric means
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andincreasedinputmarketprices(fertilisersandsoilimprovementsin2009)resulted
inlesstechnologicalchange.

Table6providesfurther informationof thegeometricmeansfor theefficiency
andtechnicalchangeperyearandperfarmsize.Nosignificantdifferencesarefound
betweenfarmsizes.However,itisrathersignificantthatthedeteriorationoftheMIas
ithasbeenobservedinTable3andTable4forthe2007-2008and2010–2011periods
ismainlydrivenfromtechnicalchangerather thanefficiencychange.Specifically,
thereductioninMIforthe2007–2008periodwasonaverage20%asaresultofthe
extremefloodeventsandonaverageby6%duringthedroughtof2011.

Inaddition,thecomponentdistancefunctionsinthetechnicalchangeindexofthe
MIofTFPareusedtoidentifyfarmsresponsibleforthefrontiershift(Färe,Grosskopf,
Norris,&Zhang,1994).Duringtheperiodbetween2007/2008nofarmcausedany
shifttothefrontiersincetechnicalchangewaslessthanunityforallfarms.Thefarms
thatcaused thefrontier toshift in theremaining threepairsofyearswerefarm13
inthe2008/2009period,farms32and33inthe2009/2010periodandfarms4,16
and35inthe2010/2011period.AccordingtoFäreetal.(1994)thesefarmscanbe
identifiedasthe“innovators”ofthesample.

Theefficiencychangeindexcanbefurtherdecomposedintopureefficiencyand
scaleefficiencychangeisolatinginthatwaytheimpactoffarmscaletoefficiency
change.Table7reportsthedistributionofpureandscaleefficiencyestimatesforthe
consecutiveyears.Estimatesofpureandscaleefficiencyperfarmarepresentedin
TableB.1andTableB.2inAppendixB.Theresultsfor2009/2010indicatethatthe
scaleefficiencyindexhasimprovedformorethan71%ofthefarms;howeverthepure
efficiencyindexdeterioratesfor51%ofthefarmsinthesample.Thisadjustmentin
scalemightbethereasonforthedeteriorationinefficiencysincefarmsneedtoadapt
theirmanagementrequirementsintothenewconditionsandscaleofoperation.Figure
1illustratesthesechanges,inwhichscaleefficiencydeterioratesafterthe2008/2009
period.Inaddition,theimprovementinefficiencyforthe2007/2008periodismainly
due to improvements inpureefficiencywhile ithasanadverse impact to thenext
periodcausingefficiencytodeteriorate.However,pureefficiencyisthemainfactor
intheimprovementoftheefficiencychangeindexforthe2010/2011period.

Factorsaffectingthefrontiersuchastheextremeweatherphenomenaobservedin
the2007/2008and2010/2011periodshaveasignificantimpactontechnicalchange
andconsequentlyonproductivityfortheGCFsintheEARBC.Thedecompositionof

Table 6. Efficiency and technical change per farm size and per period

Farm Size 2007-2008 2008-2009 2009-2010 2010-2011

Efficiency 
change

Technical 
change

Efficiency 
change

Technical 
change

Efficiency 
change

Technical 
change

Efficiency 
change

Technical 
change

Large 1.02 0.76 0.99 1.17 1.10 1.01 1.02 0.93

Medium 0.98 0.79 1.11 1.03 0.93 1.10 0.98 0.99

Small 1.00 0.73 1.01 0.81 1.05 1.46 1.02 0.93
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Table 7. Distribution of the efficiency change decomposition

Distribution 2007/2008 2008/2009 2009/2010 2010/2011

Pure Scale Pure Scale Pure Scale Pure Scale

<0.6 0 0 0 0 0 1 1 0

0.6≤ Eff <0.8 2 1 3 1 5 2 0 2

0.8≤ Eff <1 11 14 7 14 16 4 8 20

Eff=1 16 7 13 2 12 5 15 3

1< Eff <1.2 9 17 11 21 6 20 14 15

1.2≤ Eff <1.4 2 1 6 2 0 5 2 1

Eff>1.4 1 1 1 1 2 4 1 0

Improvement 29% 46% 44% 58.5% 19.5% 71% 41% 39%

Deterioration 32% 36.5% 24% 36.5% 51% 17% 22% 54%

Geometric Mean 1.04 1.02 1.01 1.02 1.03 1.01 1.05 0.98

Figure 1. Changes in efficiency change index and its components
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technicalchangeproposedbySimarandWilson(1999)wasusedinordertoisolate
theimpactoffarmscaleinthetechnicalchangecomponentoftheMIofTFP.Tables
C.1andC.2inAppendixCprovideadetailedpresentationofthepuretechnical,scale
technicalchangesandtheproductofthelatterwiththescaleefficiencycomponent
ofefficiencychange3.Figure2 illustrates the technicalchange index.Shifts in the
frontieraremainlydrivenbythepuretechnicalefficiencyindexratherthanthescale
ofoperationofthefarmsinthesample.Thus,Table8showsthedistributionofthe
twocomponentsoftechnicalchange,pureandscale,duringthe5-yearperiod.

Considering both pure technical and pure efficiency change in the 2008/2009
period,GCFsintheEARBChavesuccessfullyimprovedtheirmanagementperformance
andwereabletomaintainthisinput-savingtechnologyduringtheremainingperiods
(2009/2010,2010/2011)(Figure2)whilepuretechnicalefficiencydropssignificantly
inthe2010/2011period,pushingproductivitybelowunity.

dISCUSSIoN

Comparison of the results obtained from the MI of TFP revealed deterioration in
productivityfortheGCFsintheEARBCoverthestudyperiod2007-2011forallfarm
sizes.Furthermore,thedecompositionoftheMIofTFPintoitscomponentsenabled
adisaggregationoftheeffectsoftechnicalefficiency(catchinguptothefrontier)and
outwardorinwardshiftsofthefrontier.Hence,deteriorationinproductivityismainly
duetofallbackofthefrontierratherthanreductionintechnicalefficiencyofthefarms.
Farmsontheefficientfrontierarebecomingmoreefficientduetoimprovementsin
thepureefficiencyindexratherthantechnicalchange.Specifically,productivityfalls
forthe2007/2008and2010/2011periodsduetoafallinthetechnicalchangeindex
whichreflectstheimpactoftheextremeweatherphenomenafor2007(floods)and
2011(drought).Themorefrequenttheseextremeweatherphenomenaoccur,themore

Table 8. Distribution of the technical change decomposition

Distribution 2007/2008 2008/2009 2009/2010 2010/2011

Pure Scale Pure Scale Pure Scale Pure Scale

<0.6 1 0 1 2 0 0 2 2

0.6≤ Eff <0.8 7 0 2 0 0 3 5 14

0.8≤ Eff <1 7 11 4 10 8 23 18 11

1< Eff <1.2 0 3 21 24 21 9 6 5

1.2≤ Eff <1.4 0 0 7 1 3 1 2 2

Eff>1.4 0 1 2 0 4 0 1 0

Not feasible to compute 26 26 4 4 5 5 7 7

Improvement 0% 10% 73% 61% 68% 63% 61% 25%

Deterioration 37% 27% 17% 29% 20% 24% 22% 17%

Geometric Mean 0.75 1.00 1.10 0.98 1.13 0.95 0.91 1.05
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theneedforadaptingtothesechangesis.Farmperformanceisverysensitivetosuch
changesinweatherconditionsleadingtounderperformance.Allfarms’productivity,
regardlessoftheirsize,areaffectedbyweather.Hadley(2006)hassimilarlyshowed
that technicalchange is the factorwith themostsignificant role in the increaseof
efficiencyinaperiodof20years(1998-2002).Furthermore,inamorerecentstudy
by Barnes et al. (2010), a general upward trend in technical efficiency was also
reportedthroughouttheperiod.Ontheotherhand,themostimportantimprovement
inMIisrecordedbetween2008and2009where73%ofthefarmsareindicatedwith
asignificantimprovementinTFP.Generally,15%ofthefarmshavebeenconsistently
improving TFP over the study period while the remainder of the sample has been
fluctuating above and below unity, thus improving efficiency in some years and
decreasinginothers.

Inaddition, scaleefficiencychange (Figure2) for theyearsbetween2008and
2009dropsbelowunity.This ismainly explainedby the change in theproportion
betweenlarge,mediumandsmallfarmsinthesamplecomparedwithpreviousyears.
Theaveragefarmsizein2011islowerthan2009(mediumandsmallsizefarmshave
doubled).However,thetechnicalscaleefficiencychangeisincreasingforthesame
period,implyingthatfarmsoperateclosertothepointofatechnicallyoptimalscale
undertheVRSassumption.Accordingto(Coelli,Perelman,&VanLierde,2006)the
fallinscaleefficiencymightbecausedfromthefasterratethatlargerfarmsimprove
productivitywhencomparedtomediumandsmallfarms.Therefore,theperformance
gapbetweenthedifferentsizesoffarmsiswideningandisdepictedbythetechnical
scaleefficiency.

Figure 2. Changes in technical change index and its components
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CoNCLUSIoN

Thechallengeofsustainableintensificationofagriculturalproductionandtheneedto
meetincreasingfooddemandrequiresfarmingsystemstoimprovetheirproductivity.
InthecaseofGCFsintheEARBC,thepotentialriskofincreasingsummerdroughts
andtemperaturesduetoclimatechangeisalsoachallengethatshouldbeconsidered.
Wehaveshowntheeffectsofweatherconditionsonfarmproductivity.

The analysis of TFP of the GCFs in the EARBC, based on the measurement
of theMIand itscomponents,has shown thatextremeweatherphenomenahavea
negativeimpactonproductivity.Duringthe5-yearstudyperiod,bothefficiencyand
productivityfellduetothefloodsin2007andthedroughtperiodbetween2010and
2011.However,pureefficiencychangehasbeenpositive,indicatingthatfarmersare
improvingtheirmanagementskillsandareadoptinginput-savingtechnologies.On
theotherhand,puretechnicalefficiencydeterioratesandisthemainreasonforthe
loweringofproductivityof theGCFs in theEARBC. Inaddition, thebootstrapof
theMIofTFPanditscomponentsprovidesacorrectionfortheinherentbiasinnon-
parametricdistancefunctionsandallowsstatisticalinferencefortheresults.Hence,it
ispossiblenotonlytoindicatechangesintheMIofTFPbutalsotoindicateifthese
changesarestatisticallysignificant.

Finally, the analysis of returns to scale and scale efficiency change allows the
identificationoffarmsoperatingclosertothepointofthetechnicallyoptimalscale
aswellastheidentificationoftheoptimalscaleforfarmsinthesample.Furthermore,
distinguishing between PTE and OTE permits the development of strategies for
reducinginputsorscaleadjustmentintheshortandlongrunrespectively.
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ENdNoTES
1 Confidence intervals (CIs) were calculated for 10%, 5% and 1% levels of

significance.ThemajorityoftheMIestimatesaresignificantlydifferentfrom
unityat the99%or95%level.Hence,a farmis reported tohaveexperienced
significantprogressbetweenthetwotimeperiodsifitsconfidenceintervallower
boundisgreaterthanunity,ithassignificantlyregressedduringtheperiodifits
upperboundislessthanunityandthereisnostatisticallysignificantchangeif
unityisincludedinitsconfidenceinterval.

2 Mann-WhitneyUtestwasusedtotestforTFPdifferencebetweenperiods.
3 Itshouldbenotedthatinsomecasesthecomputationofpuretechnicalchange

orscaleefficiencybasedondistancefunctionsbetweenthetwotimeperiodsis
notfeasibletocomputeduetothelinearprogrammeconstraints.
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