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Abstract

Smaliscale farmlands are dynamic systems crucial to the f&exlrity and livelihoods of more
than two billion people and there is political pressure in many developing nations to
consolidate and expand small farms into larger units of management. Tt leave
consequences for agrecosystem processes and the ecosystem services and disservices that
regulate crop production. This thesis aims to highlight and address these issumealinolder
farming landscapesvhich are poorly studied and represerngsificant knowledge gaps.

Research on pollination and biological control is biased towards-Eugle systems
and bological control research shows a strong geographic bias to temperate developed
nations, whilst pollination researchgeographicallynore balanced. To have more impact on
global issues of poverty and foegcurity, agricultural ecosystem service research needs to
have a greater focus on smaltale farmed landscapes.

In a lowinput, smalscale farmed area of Kenya, the response to {asal
intensification of insect groups important to ecosystem services and disservices for crop
production was examined. Small ecotone pollinators responded negatively to intensification,
but larger bees did not. Natural enemigil not show a strong negativesponse to landise
intensification, which suggested that low pesticide application rates allowed cultural species to
persistin croplandsThe functional richness of Hymenoptera and Coleoptera was highest in
the most intensified landise context, whiclprovides support for the intermediate landscape
complexity hypothesis. Functional evenness and-aitironment associations showed that
phytophagous traits increased with landeintensification anccould be linked to increased
ecosystem disservidécrops are consumed

Smallholder interviews showed that ecosystem disservices due teraidimg animals
were a major problem and that attitudes to wildlife, elephants and protected areas became
more negative with increasing proximity to large areas of wildes. However, increasing the
proportion of natural habitat in the vicinity of smallholdings moderated the negative effect of
proximity to wilderness on attitudes towards protected areas. Thesgeivedecosystem
disservicesnayvary with landsparing atifferent spatial scales (i.e., conserved habitat).

Whilst this thesis demonstratebat land-use intensificationof early stage sma#icale
farming landscapeaffects human perceptions and attitudes towards nature and the
taxonomic and functional compdgin of cropland insect communitiedjrect quantification of
the crop yield and economic consequences of this is sorely needed. Assessment of actual vs.
perceived ecosystem disservices would also aid the conservation measures needed to make

land-sparing vork.
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Chapter 1.General ntroduction

1.1. Setting the sceneConsequences ohcreasing global land demand

Increases iglobal luman population anger capita commodity consumptigfilman et al.

20171, Alexandratos and Bruinsma 2QXteleading to increased demand for lafidambin and
Meyfroidt 2011; Fischer et al. 2094In conjunction with global climate chang&chmidhuber

and Tubiello 2007. I 2 O S f 0@4) tRisposesta @erious threat what remainof global
biodiversity(Pereira et al. 201;0Newbold et al. 2014and to the stability of future commodity
production and fooesecurty (Godfray et al. 20L1(Foresight 201 { ANJ W2 Ky . SRRAY
WLISNF SOl aG2NXQ RS&aONMX o Sdlts ih sinfbltaiedadl@obal OS y I NR 2
shortages of food, watesind energy unless their availabilitgn besubstantially increase(80-
50%)(Beddington 2009 Global agricultural productivity is also heavily reliant on phospherou

and as this islsopredicted to reach peak production in 2030ew approaches of conserving

or provisioning phosphorous in farmlands will be requif€drdell et al. 200Q1n the last

century global biodiversity has drastically diminished and continliadmtat loss and

degradation, ovegexploitation, disease, pollution, climate chang@eean acidificatioand

spread ofinvasive speciesuggesthe situation will only become worgButchart et al. 201D
Projectionsconsistently indicate that biodiversity declines will continue throughout thé 21
century(Pereira et al. 200and some studies postaile we arealreadyin the midst of the

9 NIIKQ& &AEGK YBaasky St I0éshchse cobtgnpyiary science

has provided many shsand toolsfor mitigatingincreasing demands on global land resources

and future scenarios of food insecurityat minimise biodiversity losses and/erosion of
agro-ecosystem functioningrheseincludethe sustainable intensification afgriculture(Pretty

2008 Davies et al. 20QBommarco et al. 20)3trade-off analysis for the optimal spatial

design of landscapes for biodigity and commaodity productiofe.g.,Licker et al. 201,0

Fischer et al. 20t#halan et al. 2004changing demand and diegs 2 08t 2 ), Si | f @ H.
increasingcommodityutilisation efficiencyGustavsson etal. 2011 | 2 0§t 2 ), Sitnatel £ ®  H
smart agriculturgScherr et al. 203,Zampbell et al. 20)4nd improving access to
commodities(Brinkman et al. 20L@oresight 2011 Using all these tools and theoriehe

mitigation of global land, food and biodiversity issues requires ambitious-@iseiplinary

approaches at multiple socijoolitical, spatial and temporal leveEcologyhas a particularly

strong role to play in thsustainable intensification of farmland via teeosystem servicse
framework(Daily 1997 Carpenter et al. 20Q%oppy et al. 201¥andspatialoptimisation of

the farmland landscape for commodity production, livelihoods, biodiversity and sustainability

at multiple scale¢Green et al. 2006



1.2. Sustainable intensification and ecosystem servidgesncrease commodity
production with reduced environmental costs
Ecosystem services are benefits that humans derive from ecosystems or progessesiza
et al. 1997 or conditions that lead to benefits for humafi3aily 1997 and, as such, the
concept links ecology and society. Ecosystem services are broadly divided into four categories
in the Millennium Ecosystem Assessmentsdpporting services, such as nutrient cycling and
soil formation 2) provisioning services, such as food, fibre, fuel and waegulating
services, such as crop pollirat, pest control and water purificatiomnd 4) cultural services,
such as education, recreation and aesthetic vdME&A 2005Bommarco et al. 2013
Biodiversityis crucial fomanyof the supporting andegulatingecosystenservicesrom which
provisioning ecosystem services are deriaed therefore loss of biodiversity is a threatthe
global production of commoditieRkands et al. 2010 hompson et al. 203 Macfadyen et al.
2012. In modern agreecosystems reductions in biodiversity amssociatedecosystem
services are compensated for through the use of external inputs of energy and agrochemicals.
For example, niorganicfertilisersreplace nutrient cyclingnd pesticides and herbicides are
used to manage pests and weeétwever, oncerns regardintghe longterm sustainability of
modernfarmingpractises in terms of environmental degradation (e.g., soil exhaustioin
eutrophication), the rising costs of inputs derived from finite resources (fossil fuels and
phosphorous) anagro-biodiversity loss ave ledto the development of the sustainable
intensificationparadigm(Pretty 2008 which has received much publicifiroyal Society 2009
Foresight 201,1The Montpellier Panel 20).3

The keyprincipals of sustainabilifyas presented in Pretty (200&ye to:

DGAYGSANIGS 60A2t23A0FE FyR SO2ft23A0Fft LINE
fixation, soil regeneration, allelopathy, competition, predation and parasitism into
commodity productiorprocesses;

2) minimize the use of those narenewable inputs that cause harm to the environment
or to the health of farmers and consumers;

3) make productive use of the knowledge and skills of farmers, thus improving their self
reliance and substituting humarapital for costly external inputs; and

4HYF 1S LINRRAzOGA GBS dzaS 2F LIS2LX SQa Oz2ff SOGA
common agricultural and natural resource problems, such as for pest, watershed,
ANNRIFGAZ2YS FT2NBad FyR ONBRAG YFylF3aSySyd

Of theseprindpalsl1) and 2)draw heavily on thediscipline of ecologgndare the basis of
ecological intensificatiofBommarco etal. 20)® . & RSTAYAGA2y > aSO02f 213



entails the environmentldy friendly replacement of anthropogenic inputs and/or
enhancement of crop productivity, by including regulating and supporting ecosystem services
YIEYEFISYSyld Ay I IRImOdxto @tadENA0F3Fot dddioGicalin@Bshication to
be effective the linkages betwedand-useat multiple spatialscales and communities of
ecosystem servieproviding organisms needs to be understoad does thdlow, stability,
yield contributions and management costisthe various services provided by these
communities(Bommarco et al. 20)3Spatial scale is important as different components of
biodiversity and the ecosystem processes they are linked to will respolacideuseor
management change at diffent spatial scales, for example crop pollination mayrtenaged
by farmers at the scale dields using floral manipulations anaintainingareas ofatural
habitat (Dicks et al. 2010but the effectiveness of fieldcale actions will depenah the wider
landscape contexithe landscapemoderated biodiversity versus ecosystem service
management hypothesis, Tscharntke et al. 201Eharther, some ecosystem services such as
interception of rainfalby cloud forests will have a potential benefit to all people living along
the watercourses that are fed by such forestsaling up the size and number of forests
feeding a catchment will increase the reliability of wagepply(Postel and Thompson 26)
and water qualityMartinez et al. 2008and therefore the spatial extdérof downstream
benefits (drinking water and water for irrigation). Scaluforest area will, in turn, benefit
biodiveristy for species that are forest specialists with large minimum territory sizes or that are
intolerant of edge effects and disturban@ibson et al. 203;3Rueda et al. 201 Rybicki and
Hanski 2018

The concept oécological intensification isomewhatfocussed onmodern
conventional farmlands where there are already substantial anthropogenic itipatsan be
substituted with ecosystem servicéscological replacement) or stdptimal ecosystem
serviceghat can mproved(ecological enhancement). In smatlale farming landscapésputs
andland-use intensity can be lowSteward et al. 201¥meaning that many ecosystem services
mayalreadybe adequate(e.g.,Kasina 200;Hagen and Kraemer 20)1@ith little needfor
ecological replacemendr enhancementHowever, cropyield-gaps maystill behigh in such
farming systems and themanbe political drivers to not only increase yields per unit area of
farmland using anthropogenic inpuSittonell et al. 2008Dorward and Chirwa 20}1but to
expand farmland area and consolidate management into larger (Xitshe 2002Min 2006
Huang et al. 2001 The conservation of existing ecosystem services as-sca# farming
landd OF LJISa OKIy3S 0aS02t23A0Ft O2yaSNBIFGA2YED



objectives are to be realisednd should be considerelong withecological replacement or

enhancement

1.3. Smallscale farming
Smallscale farming (also referred &s smallholder farming in this document) is the backbone
of global food securityfChappell and LaValle 20Horlings and Marsden 201Tscharntke et
al. 20123 and accounts for a substantial proportion of food production and GDP in many
countries(Singh et al. 20QZ hapa 2009Salami et al. 20104FAD & UNEP 201L3Vorldwide
huge numbers of people are sntallders estimates suggest there are 2215 billion
smallholders on 500 million farms and that these are mostly in developing ngEé 2010
IFAD & UNEP 201 \ppendix BTableB.2). Whereas smabcale farming is important in low
or middle income nations where 37.7% of employed people work in agriculture, agricultural
and smaliscale farming is less prominent in high income nations where only 3.5% of
employment is contributed bggiculture (World Bank 201¢ Smaliscale farming is also
important in areas where the majority of projected human population growth by 2050 will
occur and where food insecuritygsirrently rife(FAO 2013aVorld Bank 2013, Appendix A
Figure A.1, Appendix B Table)BUhdernourishment is linked to poverty rather than global
food production(Adams et al. 20045achs et al. 200@nd asmanypoor live in rural areas,
often with little access to productive farmlands, undernourishment and small farm sizes are
associated(Tscharntke et al. 2012aNot only are smallholders in lower income natigas per
World Bank categorisatioyitical to addressing issues dblgal poverty and food security,
they are also linked with biodiversity conservation. High rural population growth rates and
marginalisation to low productivity lands means that smallholders are often at the frontline of
humanwildlife conflicte.g.,(Distefano 2005Webber 2006Linkie et al. 200)/and agricultural
expansion into biodiversity rich natural habitats e(@ldrich et al. 2008Vlaeda et al. 2010
To make matters worse, human population growth rates in the vicinity of protected areas can
be doublethe rural averagdéprobably due tdnternational and national investment in
protected areasjWittemyer et al. 2008andthis is associated withhigherwildlife extinction
rates within protected areaBrashares et al. 2001However, engaging communities to create
effective local management of natural resources,dan example, reduchabitat loss in
community forests compared to protected foregBorter-Bolland et al. 2012

Increasing commodity production largescale higkinput agriculture typically relies
on conventional methodsHowever such approaches are less relevanbwer-input smalt
scale farm®f the poorwhere biodiversity and related ecological processes are more relied

upon (Tscharntke et al. 2012aSmall farms are not wessarily less productive than largeale



farms growing monocultures and cae more productive in total output per area than larger
farms althoughwith amuchhigher labour intensityCornia 1985Rosset 2000Singh et al.
2002 De Schutter 2008arrett et al. 2010Horlings and Marsden 20LMWhen small farms
are mae productive than largéarmsthe phenomenorh & O f f SR G KS WLJ NI R2
iKS WAYJISNHBREZONNOAAE SNB I (i Arepyrét&thelcdnplexiyR A G A
of smaller farmsnd their resource intensive use of la(i<temen and Miles 20)2Complexity
in farming systems hadsobeen demonstrated to enhance resilience to environmental
disturbance across multiple ecosystem services, an espegadligble trait in the face of
global climate chang@.in 2011 Kremen and Miles 20)2

Promoting anddevelopingsustainable intensificatiofor it KS ¢ 2 N RQa dzy RS NJ
that live in developing countries, and in particular for thed®o live in smallholder households
in the vicinity of natural habitats, witontribute toglobal food securitypoverty reductionand
biodiversity conservatio(iThe Montpellier Panel Z). Integrated policies are needed to
enhance productivity and resilience in srasthle farmed landscapes via sustainable
intensification and should include ecological intensification princifgdsnmarco et al. 2013
or asTscharntke et a(2012)  LJdzii -effidielt, edvifobrgentally friendly and sustainable
techniques to typically manage highly diversified cropland, avoiding pesticide use as much as
possible, integrating soil fertility strategies (combining organic and inorganidgsiersi and
AyGSyarTeayd LINRPRAZOGAZ2Y Ay O2YoAYylGA2Y 6A0GK
optimal sustainable intensification must consideade-offs between biodiversity and
production at multiple spatial scales, the complex linkages betwproduction and demand

and how to mitigate humaswildlife conflicts (linking mechanism@jischer et al. 2094

1.4. Landsparing and the buffer zones of large natural habitats

Assuming increasingpmmodityproduction is part of a holistic strategy to address kand
scarcity, foodnsecurity and poverty for smadicale farmers, current agricultummuldproduce
more food by increasing yields on existing farmland (intensification) and by expanding the area
of land (extensificationunder agricultural uséTachibana et al. 200Green et al. 2006
Extensification will typically result in the conversion of natural habitats into farmlands with
clear negative consequences for biodiver¢tByeen ¢ al. 2005 Barnosky et al. 201 Gibson

et al. 2013 Newbold et al. 201y unless abandonednd/or degraded agricultural areas can be
rehabilitated(Pretty et al. 2011Sawadogo 2011 As suchtrade-off analyses foincreased
commodity production vsbiodiversityconservationconsistently favour the intensification of
current farmlands (usually with a penalty to the biodiversity found there) in the hope that this

will reduce the pressure to convert natural areas elsewhere to agriculture-8padng)(land



sparing, e.g.Davey et al. 203;,Edwards et al. 20tWaltert et al. 2011Hulme et al. 20183
However, he reality ofthe situation is more complegtue to social, political aneconomic
factors,andtrade-off frameworks such as largparing vs. landsharing have been considered
to be largely intellectudbecause there are few reliable mechanisms that can guarantee
producing food intensively in oAglace can actuallgpareland elsewheréDeFries and
Rosenzweig 201®ut see Chandler et al. 20;1Bhalan et al. 20)4demand is elastic, and
landscapes are multifunctional producing more goods and services than jusfFisotier et al.
2014). For landsparing b be effective songer mechanisms linkingcreaseccommodity
productionin one aredo biodiversity conservatiom anotherare required Arecent tradeoff
analysis by Phalan et al. (2014) sought to identify global areas where closingetdagas as
part of landsparing strategies would have the highest and lowest impacts on biodividraity
they strongly emphasisthe need for robust mechanisms linking improvements in agricultural
productivity to biodiversity conservatiofurtherpractical and pragmatic improvements to the
land-sparingtrade-off framework are provided by Fischer et al. (2014).

Agricultural landsgaesneighbouringnatural habitats of conservation interest are
obvious places whemnechanisms linking larsbaring tobiodiversityconservatiorare
required Such locationscalledobuffer zones from henceforth can behotspots of habitat loss
and humarwildlife conflict Even if a natural habitat is protected by latis still affected by
AGaQ adzfuN&ampl® thefahdition ofprotected areasorrelateswith environmental
degredation and landise trendsn A (ibé&ff@r zondlLaurance et al. 20)2Large tracts of
natural habitat are becoming threatened due to habitat convergkinlayson et al. 1999
Hoekstra et al. 2009-A0 201 1Miettinen et al. 2011Potapov et al. 203, ZocaCastro et al.
2013 and they are the refuge fa large proportion of global biodiversity that cannot persist
in agreecosystemgsfor example natural habitat in biodiversity hotspots contains more than
half of threatened terrestrial plants and mamm#Brooks et al2002), especially large
charismatic animal species of high conservation and cultural véesston and Blackburn
1995 Cardillo et al. 20055ergio et al. 2006 hornton et al. 2012 Conversely, from global
perspective, species able to exishimmanmodified landscapgbecause they can tolerate or
adapt to a degree of disturbance are likely to be of lower conservation concern than those that
cannot.

Discussion of conservation in large areas of natural habitat is often framed in the
context of protected areas and the importance of Aaitected natural habitats and human
activities within their buffer zone.g.,NaughtonTreves et al. 20Q%.aurance et al. 2032

Negativeenvironmental changes observed in protected areas mitiose observed in their



buffer zoneqLaurance et al. 20)2nd the unplanned loss and fragmentation of natural
habitat n buffer areas will reduce connectivity between protected arg@nchezAzofeifa et
al. 2003 Curran et al. 200DeFries et al. 200NaughtonrTreves et al. 2005To realise the
full potential of the global protected area nebrk, conservation and restoration of natural
habitats in their buffer zones will be crucial and as such they are an ideal focus for mechanisms
linking landsparing to biodiversity conservation. A lasparing strategy does not necessarily
have to take plae entirely within a buffeizone and recently there has been considerable
AYUSNBald Ay lalduei §§/608z8 ¥ 8 @ 2 Fspadiry vah lghdt@ring KS £ |y
framework(Polasky et al. 20Q4ischer et al. 2004 This integrates trade and displacement
dynamicqwheretrade and teleconnections allow féand-usein one area to affect and be
affected byland-uses in other areas)naking the framework more applicable to a connected
world (Grau et al. 2013Fischer et al. 20)4However, the agriculturdependent livelihoods of
those in the vicinity of protected areas should not be marginalised in favour of those where
there is less biodiversity as this could be ultimately coupteductive for conservation in
buffer-zones and langparing ingeneral

In brief summaryof sections 1.11.3, the application of sustainable intensification and
trade-off analyses to smat#icale farming landscapes in the buffer zones of large natural areas
could provide opportunities for enhanced biodiversity conservatioadfeecurity and
livelihoods. However, as will be discussed in Sedti6there areland-useconflicts between

wildlife and humans that may not easily or predidiabe resolved.

1.5. Ecosystem services and spillover

As well being relevant to biodiversity conservatidme tomposition ofland-uses within a
landscape will, in part, determine the total landscape abundance of a species that are
beneficial or detrimentato agricultural productivitf{Gardiner et al. 2009iGardiner et al.
2010. Howthe configuration oflandscapehen moderates the spillover ahesespecies
betweenland-uses and the ecological processes they provide is a major research theme in
ecosystem service science and landscape egdltgcharntke et al. 2012band is highly
relevant to sustainable intensification of food produetiand the design of farming
landscapes Crosshabitat movementsof species can occur between agricultural and-nhon
agriculturalland-uses and theconfiguration and composition ddnd-useclasses within a
landscape may therefore influence thgrécultural ecosystem services and disservices
provided by suclorganismgChaplinKramer et al. 201;1Fahrig et al. 201, XKennedy et al.
2013. Species spilling into agriculture from othand-uses canpollinate cropsgnhance or

interfere with pest predation or parasitism, increase pestrmdance raid cropsand change



food-web structure(Webber et al. 2011Tscharntke et al. 2012bThe spillover of species is
moderated by the difference in resource availability and hostiéitg.(risk of mortaility due to
pesticide application or mechanical disturbance such as ploggh&tween theagricultural
matrixand other habitatgRicketts 200;1Cronin 2003Perfecto and Vandermeer 20;1dadley
and Betts 201p Thespatiotemporal stability of resources in natural habitats is high compared
to arable crplands(Landis et al. 20Q@ianchi et al. 2006and this has implications for the
directionality of resourcelifferences betweertand-uses. For example, for most of a growing
season a mass flowag crop will provide little floral resource and nearby natural habitats are
likely to hold more floral resources than croplands, but for a spertod of the year, when the
crop is in flowedistributionscan be strongly reversetMassflowering cropsan have
substantial pollination requirement&lein et al. 200)/and if stable floral resarces in non
crop habitats are not available to support pollinator populations outside of fflag&ring
periodspollinator abundance may decline impacting crop pollinati@icketts et al. 20Q8
Garibaldi et al. 2011 The nature of spillover will differ between species and sonag persist
entirelyin the agricultural matrix, especially when disturbance is not intensef@nsbil fauna,
and the spatial distribution of different functional groups of species can have important
implications for ecosystem servic€Bscharntke et al. 2005b

Five patterns of spillover in agricultural landscagégyrel.1) have been proposed by
Duelli and Obrist (2003). Species that have a strong preference fecneprhabitats that
NI NBfe aLAff20SNI Ayid2 ONERLX I yRa ingth&opposite Sy 2 i 2
pattern, common in croplands and rare in norop landdza S& > | NB & Odzf (0 dzNJ £ &
G5AALISNASNE YR aS0O2G2yS alLddpHastisor aitke2edp KA 3K S
non-crop interface then decline with distance into fieldssj#rser or ecotone distributions are
often shown by species that use different resources between crop anecramhabitats such
as pollinators foraging on within field floral resources to provision nests ircrmm habitats
(Ricketts et al. 2008 Species that are evenly distributed across aggological landscapes are
GdzoAljdzh a0 aé 2 ¢ KA Qds halihgya lohgistantz passiFe MiBp¥rsal stradegyS O
as observed for ballooning specigtalley et al. 1996

Knowledge of the distributional resnses of species to langse change and the
consequence of this for the ecosystem services they provide is relatively well studied for
biological control and pollination (s@&able2.3 and Appendix ATableA.1). For pollination,
tools have been created to model how crppllination varies between landscapésg., the
INVEST approach, Tallis et al. 2@f¥8&cologicalandscape modelling of pollination, Lonsdorf

et al. 2009. However, theelevance of this knowledge to tropical smsdlale farmed



landscapes may be limited given their contrast to the intensive laogde (mostly temperate)
agricultural landscapes of developed natiofike distributional responses of ecosystem
disservice pruiding species to landse change is less well represented in research and
synthesisAs such this thesis discusses sraadlle farmed landscapes in terms of their global
importance, contrasts to largecale systems and regulating ecosystem servicearebebiases
(Chapter 2, empirically examines spdiver Chapter 3 ard community changeGhapter 4 for
insect insect groups that relate to ecosystem services and disservices withdand

intensification in a smakcale farming ladscape.

Stenotopic species

Cultural species

Abundance

Ubiquist species

___________________________________________________________________________________________

Disperser species

Ecotone species™. _

v

Interface Distance

Non-crop habitat Agriculture

Figurel.1 Thefive types ofinsect distribution pattern across the crapn-crop interface Stenotopic
species are only found in namop habitats, cultural species prefer crops, dispersers colonise crops from
non-crop habitats, ecotone species are typically found at the interfdaaap and norcrop habitats

and ubiquist species have no preference for either habitat (reproduced from Duelli & Obrist, 2003).

1.5.1. Landusechange andcecosystem servicginsub-SaharanAfrica

Intensification of global agriculturis likelyto occur in areasuch as gb-Saharan Africa where
there are considerable crop yielghps and dietary undernourishment (25% of people)
compared to the rest of the worlFAO/IIASA 201 EAO 2013 Whilst current trends show
improvemaents in diet and food production, subaharan Africa will account for much of human
population growth by 205QUN 2013 and this will lead to increasing demand for commaodities
and land Africais an important reservoir of global biodivty (King 2011McGinley 201}, but
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this issteepdeclining across the contine(Brashares et al. 20Q0Brashares et al. 2008iggs

et al. 2008 Craigie et al. 2010/irani et al. 201}l Increasing demand for land and a growing
human population will exacerbate matter&s such, improving foesecurity (and reducing
poverty)and conserving biodiversitp subSaharan Africa is a gldigariority and sustainable
intensificationand tradeoff analyses arpathways by which this can be realised witbduced
costs to the environment and biodiversii@reen et al. 2005Royal Society 200®retty et al.
2017 Fischer et al. 2004 As discussed previously, sustainable intensiticatequires
knowledge of ecosystem services and biodiversity so as to enhance or conserve them with
landuseintensification for commodity production.

Data from East Africeuggesthere can be considerable differences between tropical
smallscale compare to temperate largescale farming landscapeStudies of landscape
effects on pollination from Kakamega in Western Kenyan dessnizlholderdandscapes as
consisting of numerous small farms (typically < 1 ha) growing a variety crops with a high
proportion of hedgerows, field margins, gardens, homesteads, fallow lands, trees and bushes
(Kasina, et al. 2009a, Kasina et al 2009b, Hagen and Kraemer 2010, Mailafiya et al. 2010,
Mwangi et al. 2012). Studies from other Kenyan locations such as the Tait&€ldilksgnd
Pellika, 2007), Suam, Mtito Andei and Muhaka (Mailafiya et al. 2010) describe similar systems.
The high complexity dtast African smaficale farming landscapes indicates that the
spatiotemporal stability of resources could be relatively high tumulticropping, norcrop
land-uses and the fine grain of the landscamadthis may benefit ecosystem processes
(Tilman 1996Tilman et al. 2006 The diversity ofandscape features andor habitats within a
landscape generatesomplexityand, in turn, this should increase spediehinessfor small
animals such as insects) wittagricultural areas relative to landscapggh more monotonic
land-uses (e.g., largescale agdulture or continuous forest, Tscharntke et al. 201 Zxccording
to the intermediate landscapeomplexityhypothesigTscharntke et al. 2012lnigh local
landscape complexitgseeAppendix AFigureA.2) maymitigate the negative effects of
landscape change at larger spatial scales (such as loss of large areas of natural habitat) on
ecosystem services and service providépecies. Thereforéhe response of functionally
important ecosystem service or disservice providing species in-soaé systems to
commonly studiedand-usescenariossuch as the conversion of natural habitat to agriculture
may be different tahat observed in largescale systems. Witthe development of African
nations smallscale systems are likely to chan@mllier and Dercon 20).3f thesechanges
result in the consolidation of farms into larger areas of management then local landscape

complexity could fal{seeAppendix AFigureA.2) which may have negative consequences for
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resource stability and ecosystem proces€Binan 1996 Tilman et al. 2006 Given the
importance of understanding the interaction kaind-usechange at local and landscape scales
(or indeed at any relevant spatial scales to a particular context or ecosystem service) more
research needs to be nducted to allow estimation of thresholds beyond which negative
effects ofland-usechangeon beneficial ecosystem properti@say occur and to understand
how these may vary between biogeographical contexts.

Evidence for mitigation of the potential negatieffects of largescaleland-usechange
on ecosystem service providing species due to local complexity in East Africafcmmmes
studies of pollinators and pollinatigiut their findings are mixed. In farmlands surrounding
Kakamega Forest, Kenya, onedstdound no effect of distance from forest habitat on bee
species richness and suggested that farmland bee diversity might not depend on(kKasista
2007). A subsequent study in the same area found bee diversity, bee abundance and flower
visitor network size were greatest in farmland compared to forest or feedgfe, and
suggested that resource rich structurally diverse farmland may subsidisepuiHimzator
networks in natural habitattHagen and Kraemer 20LHowever, despite bees being likely to
useresources in the forest canogRoubik 1993Nagamitsu and Inoue 199Ramalho 2004
the study did not sample bees or investigate floral networks above the forest understory and
hence suffers from sampling bias. Pollinator abundance in pigeonGaar(us cajanfields in
Kibwezj Kenya, declined with increagiproximity to and abundance of sematural habitats
(Otieno 2010. The same study also found thabplandbee abundance and species richness
were predicted by habitat complexitiput not plant cover and specie€hiness in sermatural
habitat. This suggests thiEtnd-useheterogeneity within croplands was more impant for
pollinators than the presence of narop habitats.

Other studiedound a negative effect dand-useintensification on pollinators and/or
pollination. Ina coastal Kenyan forest (Arabui8okoke) yields from cropland honey bee hives
increased with proximity to forest, suggesting that the forests were supplementing agricultural
resource availabilitySande et al. 20Q09AubergingSolanum melongendlower visitation rate
significantly delined with distance from natural habitat in Nguruman, Ke(@ammiltHerren
and Ochieng 20Q8Howeverthe study also found that pollinators foraged more in farmland
than any other habitat and that bee abundance in farmland was highest in terms of abundance
and richnessThis was attributed to high spatiemporal floral resource availability in the
agricultural matrixHawkmoth abundance and visitation rates to papé&garica papaygin
Machakos District and Kerio Valley, Kenya, declined sharply with distance from natural habitat

in small subsistence farms and sites with high levels of disturbance and poor farming practices
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showed reduced fruit set (although whetherishwas due to decreased matrix quality, soil
quality or water availability is uncertaifylartins and Johnson 2009n Ugandalowland
coffee Coffea canephonayields from smailcale farms were positively correlated with the
amount of natural habitat in the surrounding landscapiereasdistance to forest or wetland
and cultivation intensity were negatively related to cofféelgs and positively related to
pollen limitation(Munyuli 2012. Finally, anothestudy of Ugandan coffee production found
that increasing the landscape proportion of cultivated land resulted in increased crop value but
the biodiversity and carbon storage value of farmland both fell, especially when smallholder
mixed-cropping systems &re compared to largscale plantation style agricultu®enwick et
al. 2014.

The contrasting findings of these studigghlight the need for more data from small
scales farmlands in tropical Afritzat investigateland-useat multiple spatiaiscales and

incorporate resource availability.

1.6. Ecosystem disservicde agriculture
Whilst the ecosystem services framework amtlogical intensification conceonsider the
substantial benefits that agriculture derives from biodiversiyg.,Losey and Vaughan 2006
Gallai et al. 200%iodiversity can also provide substantial costs to agriculture and livelihoods
in the form of ecosystem disservicegdRlating ecosystem disservidbst spillover into
agricultural land$rom natural habitats can includeop damaging animalg.g.,Naughtor
Treves 1998Avery et al. 200IMadhusudan 2003Webber 2008, predators of livestocke.g.,
Kissui 208; Gusset et al. 20Q9nskip and Zimmermann 2008uryawanshi et al. 20)8r the
dispersal and colonisation afeeds that compete for crop resotgs(Oerke 20086 Animal
ecosystem disserviedo agriculture can be bgtantial. Etimated agricultural losses in the
U.S. due to mammals and birds alone were valuesbd# million in 2002ZNational
Agricultural Statistics Service 2Q0Retween 20012003 animapests were responsible for the
loss of 375million tonsof production in six major global crops, reducing actual yields 7.9% for
wheat, 15.1% for rice, 9.6% for maize, 10.9% for potatoes, 8.8% for soybeans and 12.3% for
cotton (Oerke 200% Economically signifant bird damage has been well documented for
cerealgreviewed by De Grazio 19y&nd soft fruit cropgTillman et al. 2000Tracey and
Saunders Q03)(De Grazio 1978oyce et al. 1999and isestimated to cost Australian
horticultural production $300 million annual{fracey and Mary 2.

Compared to those that focus on ecosystem service providing species relatively few
studies have linkethnd-usechange with ecosystem disservice providing species. Increasing

proportions of natural habitat within a landscape or proximity to a naldeaturehavebeen
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positively associated witlivestock predation rategMichalski et al. 2006crop damage by

wild boar(Herrero et al. 200§ Thurfjell & al. 2009, rodents (White et al. 1997White et al.

1998 Eilers and Klein 2009and beetleqZaller et al. 2008 and pes{(Thies et al. 200%r

weed (A.Kruess & T.Tscharntke unpubl. data in Tscharntke et al. 2005) colonisation rates
Regarding crop pest arthropods,aitlances tend to have a negative rather than positive
response to increasing sematural habitat(Veres et al. 2003ut no consistent response to
landscapecomplexity(ChaplinKramer et al. 2011 Landusesimplification has been

associated with in@ased crop raiding by deer and monkéggetsuma 200)7and

fragmentation of natural habitat has been shown to increase densities of deer in agricultural
areas(Hewison et al. 2001 Agricutural expansion antbss of naturahabitatincreases
humanbaboon conflicfHoffman and O'Riain 201.2_andscape resource availabilitys
predicted crop damage by elephar{tShiyo et al. 2005 beetles and flie§Zaller et al. 2008a
Wilby and Thomas (2002) simulated patternpe$t emergence with agricultural

intensification and suggested that endopterygote herbivores will become relatively more
damaging pests with lower levels of lande intensification than exopterygote herbivores
because control of the latter is more resistdo loss of natural enemy species. They also
suggested that exopterygote herbivores will become pests only after extreme reductions in
natural enemy species richness (due to redundancy in natural enemy communities) and that
concealed herbivores are moli&ely to emerge as pests at lower leveldafd-use

intensification than norconcelaed pests.

The importance of explicitly considerifand-usechange effects on ecosystem
disservices becomes particularly apparent when considering-kpgtal scales, such as those
relevant to large mammals and protectareas for nature conservatioRroximity of
agriculture to natural habitats cao lead huma-wildlife conflict in buffer zonefistefano
2005 Woodroffe et al. 2005pwhich is both detrimental to both agriculture and biodiversity
conservationFor example, large mammalshdgh conservation priority can spill out of
protected areas into nearby agricultural areas, raiding ci(d@ightonTreves 19980sborn
and Parker 2003.g., elephants, Chiyo et al. 200Fallace and Hill 2032r primates, Hsiao et
al. 2013 or predating livestocke.g., lions, leopards and snow leopardsimern et al. 2007
Kissui 2008Suryawashi et al. 2018 The spillover oécosystem disservieds a particularly
important issue for the practicapplicationof theory relating to the future design of farming
landscapesThis idecause the stakeholders btiffer zonesmay be particularly sensitive to
ecosystem disservices thdtreaten livelihoods and safeperceiving greater threats than

actually exis{Basili and Temple 199%/ebber 2006 Suryawanshi et al. 20)3However there
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is evidence to suggest in some human communities that people carisbwith large
carnivores at a small spatiatale ad fine grain(Carter et al. 2012

Generally studies relating téand-usechange and ecost@n services consider the
top-down control ofpests by predators or parasites as the regulating estesy service
biological control. Hwever, the pests themselves are rarely explicitly considered as ecosystem
disservice providing species that negativaffect provisioningervices. Pest damage is
considered as limitation on crop production in the ecological intensification concept, thus
ecosystem disservices are inditly considered, but, ecosystedisservice providing species
can also directly regmd toland-usechange and management interventions (and not just
through top-down regulatim via predation and parasitism). Therefdtseems conceptually
inconsistent to consider crop damaging species as providing an ecosystem function that is
somehow dfferent to all other ecosystem functions and typically only considered in their
interactions with otherecosystem servicproviding species. Therefore, where appropriate,

ecosystem disservices are directly considered in this thesis.

1.7. Functional ecology

The functional diversity of a community is an important aspect of biodiversity in explaining the
functioning and stability of an ecosysteBi | YR/ I 622 HnM Petchey et al. 200Mouchet

et al. 2008 Villéger et al. 2008The poductivity (Hooper and Dkes 2004Fargione et al. 20Q7
Griffin et al. 2009Marquard et al. 200pand resiliece (Dukes 2001but see Bellwood et al.

2003 Bellwood et al. 2004Girvan et al. 2008he recovery of an ecosystem process after
perturbation, Tilman et al. 200®f ecosystemss enhanced by functional diversitihere is

also evidence that shows the functional identitydaiminantspecies within a community

those species with the greatest proportional abundance within a commgastyper the mass
ratio hypothesis, Grime 199&est predicts thegprocesseselating to that community

(Hillebrand et al. 2008Viokany et al. 20080rwin et al. 2014 Therefore loss of functional
diversityor shifts in functional identityn agroecosystems mayegatively impacthe

provisioning of ecosystem services essential to commodity produatidrthe associated
replacement of lost ecosystem function wilgnthetic inputdncurs additional (potentially
volatile) production expenses and may be unsustainakdsessment of functional diversity

can reveal whetand-usechange disproportioately affect particularfunctional traits or trait
combinations, a phenomenon known as trait filtering, for example where habitat degradation
or loss alters the balance of feeding behaviours within a commy@Gitsty et al. 2007

Tscharntke et al. 2008
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A commonly used approach to assessmerfuattionaldiversity is tatake a matrix
containing values afepresentativefunctional traits for the speciesomposing thecommunity
of interestto create a multidimensiordunctional space based aaw functional traits or
synthetic traits constructed through ordination summarising multiple raw ti@ttchey and
Gaston 2006Villéger et al. 2008Pakeman 201 INaeem et al. 20L2Mouillot et al 2013. A
functional trait is a feature of an organism that links ®fitnction (Lavorel et al. 1997nd
thus functional taits will determine response to pressures and/or its influence on ecosystem
processes and servic@darrington et al. 2010 Functional traits should suggest an orgar@&m
adaptations to the physical and biotic environment and the tradfs between different
functions within an organism, in animals these may include morphological, life history and
behavioural traits that relate to habitat and resource Blrrington et al. 2010 The
multidimensionafunctional space created from sped®traitscan be then used to quantify
community changes with regards to environmental changes sutdndsisechange(Flynn et
al. 2009 Edwards et aR01439, biotic pressure such as invasive species and direct human
impacts such as pesticide use or harvesting of wild spé@desillot et al. 2013. Determining
the functional structure of a community theequires descriptions of the distribution of points
(i.e., species or other taxonomic divisions) and their weights (i.e.,dserar abundances) in
the multidimensional space using several indices that provide complementary information on
different components of functional diversifivouillot et al. 2013. Using ordination to define
the functional trait spaces has its drawbacks, such as risking the loss of infornsarimm
ordination axes will only capture a proportion of the variance in the @dilééger et al. 2008
However constraints in data, such as categorical data or high numbers of traits compared to
species number, commonly medhat ordination isoften the only way forward.
Complementary components of functional space or metrics used to describe functional
diversity include functional richness, evenness, divergence and identity.

Functional richnesd~(gurel.2) indicates the number of trait combinations present
within a community ands calculated ashe area or volume of functional space occupied by a
community. Simply put, the convex hull volunmeethod determines the most extreme points
in multidimensional trait space, links them to build the convex hull and the calculates the
volume insidgVilléger et al. 2008Cornwell et al. 2006 Reductions ifunctional richness
mean that traits have been lost from a communiunctionakichnessdoes not consider the
abundance of species and is therefore sensitive to the presence obuafanctionally
distinctive specieghat may have relatively little efict on ecosystem processes (as per the

biomass ratio hypothesis).
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Figurel.2 lllustration of how functional richness may change in multidimensional functioaidlspace
before and after disturbangee.g. landuse change leading to habitat loss and fragmentation. Species
(triangles) are plotted in multidimensional functional space according to their trait values. To estimate
functional richness convex hullseagirawn around the species representing the two different
communities, the overall shift can be estimated using the percentage overlap between the two hulls.
Here the functional space filled by only pog post disturbance communities represents 28% loéir
combined volume and functional richness has increased with chahgdarge effecthat a single
speciexan have on the volume of functional space occugredardless of abundance) demonstrated

by the point with the lowest value for Trait Zhisfigure and the accompanying text are adapted from
Mouillot et al.(2013 and Villéger et a{2008)

Functional evennes$igurel.3) reflects the change in the regularity of abundance
distribution in functional trait spacéMason etal. 20062 NJ ¢ 0 KS NXBX 3 dzf | NA (& gA
Fdzy OlAzylf aLl 0Sa Aa TFAff SR (dilkgereldb2MBS a > ¢ SA 3
Functional evenness falls if abundance becomes less evenly shared between species or if the
variability of functional distance between species increagd#sanges in dominant traits are
reflected by species evenne@sillebrand et al. 2008Vokany et al. 200Band the effects of
these on ecosystem fution have been shown by manipulations of model grassland
communities where functional evenness consmtg enhanced ecosystem system functioning
(Orwin et al. 2013 Evenness is considered to be complementary to dominance in that it
reflects the distribution of traits within a community and the two negatively correlate, if a
community is dominated by a species with particular traits then dominance is high but
evennesdow (Hillebrand et al. 2008 Functional evenness is derived usihg minimum

spanning tree (MST) that links all points contained with multidimensional trait space using the
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minimum distance (i.e., summed branch lengths) and the regularity of branch lengths and
evenness in species abundanc&hese arealculated by 1) dividing eachdmchaof the MST

by the sum of the relative abundances linked by the branch to give weighted evé@ries2)
dividingO w by the sum ofO wvalues for the entire MST to obtain partial weighted evenness
0 ‘O @) subtractingp¥ Y p , where S istte number of species, from the numerator and

denominator of the final functional eveness index equation:

B — —
"O0uv Q — (Villeger et al. 2008

This gives a measure of functional evenness that is not biased by species rielcocessits for

abundanceand is constrained between 0 and 1.
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Figurel.3 lllustration of how functional evenness may change in multidimensional functional trait space
before and after disturbangee.g.landusechange leading to habitat loss and fragmentation. Species
(circles) are plotted in multidimensional functional spaces according to their trait values, the diameter of
circles is proportional to species abundance. A minimum spanning tree (MST) linksipets
community, and functional evenness measures the regularity of points along this tree and the regularity
in their abundances, in this example functional evenness decreases after disturbaicégure and
the accompanying text are adapted from Mbhot et al. (2013) and Villéger et al. (2008).

Functional divergencd-{gurel.4) reflects how abundance is spread within thdwae of
functional traits spacenccupied by a community independent of the volume of functional
space occupied and the evenness of abundance distribution within that vaMitieger et al.

2008. Alternatively itisdefined as 1t KS LINRP LR NI A2y 2F GKS G201t |



18

iKS aLISOASa 6AGK (KS Wil etBIE201$H ¥sBe pFotiabidyi A 2 y |
that two random individuals with the community will have different trait val{issps et al.

2006 Pavoine et al. 2009
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Figurel.4 lllustration of how functional divergence may change in multidimensional functional trait
space before and after disturbance.g.land-usechange leading to habitat loss @fragmentation.
Species (circk are plotted in multidimensional functional spaces according to their trait values, the
diameter of circles is proportional to species abundance. Functional divergence shows changes in the
proportion of the total abundanceupported by the species with most extreme functional traits. Crosses
indicate the center of gravity for each community, the large unfilled circles are the mean distance to the
centre of gravity for each community and deviation of the distance from thamfer each species are
AaK2gy o0& O2f2dz2NBR fAySas gK2asS gARGK O2NNBalLRyRa
in functional space and the mean distance to the centre of gravity for the community. The more species
with high abundances divergeom the mean then the higher the functiondivergencein this case
functionaldivergencdalls after disturbanceThis figure and the accompanying text are adapted from
Mouillot et al. (2013) and Villéger et al. (2008).

The method proposed by Villéger et al. (2008) 1) calculates the coordinates of the centre of
gravity of thew species that form the vertices of the convex hull boundary, 2) calculates for
each of the'Yspecies within the community the Euclidean distataéhe centre of gravityQ "Q

3) takes the mean distance of thépecies to centre of gravil® "Qwhich is calculated from
species coordinates in trait space and is not weighted by abundance), 4) calculates the sum of
abundanceweighted deviance¥'Qand the absolute abundanegeighted deviance¥<Qsfor
distances from the centre of gravity across species, 5) brings these calculations together to

give the functional divergence index in the form:
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Functional divergence nears 0 when highly abundant species are much closer to the centre of
gravity compared to rare species and increases as highly abundant species move further from

the center of gravity compared to rare species.
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Figurel.5 lllustration of how functional identitiy may change in multidimensional functional trait space
before and after disturbangee.g.landusechange leading to habitat loss and fragmentation. Species
(circle) are plotted in multidimensional functional spaces according to their trait values, the diameter of
circles is proportional to species abundanckafyes in species abundances can alterftimetional

identity (mean values of traits as crosses) of species communities (i.e., abundaigteedaverage

value for each trait) shown on each trait axis by the separation of the two colouredTasfigure and

the accompaning text are adapted fom Mouillot et al. (2013 and Villéger et a{2008)

Functional identity Figurel.5) is the mean trait scores of a community weighted by
abundancgGarnier et al. 2004 If land-usechange, for example, changes species abundances
then this can change the functional identity of community. Changes in functional identity
where traits are linked to divergent ecosystem functions (e.g., a trait that separates species
providing a potentiaécosystem service, e.g., pollination or biological control, from those
providing a potential disservice, e.g. herbivory of cropsild,suggesthanges in the balance
between various ecosystem services or disservices with aneagrsystem. Changésthe

identity of dominant species can change the functional identity of a community and this can
affect ecosystem functio(Hillebrand et al. 2008okany et al. 2008 Again, manipulations of
model grasslandommunities have shown that the identity of dominant species can be crucial

for ecosystem system functionirf®rwin et al. 2014
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For additional technical details of the functional diversity components summarised
here see Mouillot et al.2013 and Villéger et a(2008), al® a short summary of some
additional functional components is included in Chaptet.6

Comparing functional diversity between communitwish different speciesichness
and regional species pools can be achieved by contrasting observed values relative to those
expected from random communities derived using matrix swap randomisation that maintains
the species richness of communities and the frequency of occurmeithan randomised
matrices(Manly 1995 Villéger et al. 2008 This is necessary because species functional traits
within different communities will determine the range of functiortiVersity values possible.

The use of the functional diversjtsather than just taxonomicidersity, for
investigatingand-usechange in agrecosystem iselatively new However, sveral studies
havealreadyfound evidence for trait filtering with increasimgnd-useintensity (Tscharntke et
al. 2008 Flynn et al. 200%Edwards et al. 203 Edwards et al. 2014suggesting thaland-use
intensification can lower the functional diversity of communities beyond changes in species
richness alone, potentiallgffectingprovisioning of ecosystem servicessdisservicesThis
confirmsthat understanding the implications ¢dnd-usechange in smacak farmlands

requires consideration of functional diversity.

1.8. Thesisoutline

There is a considerable amount of information regarding the effectsnafusechange on
agriculturalecosystenprocesses&nd the species that provide them, particularly in temperate,
intensively farmed landscapes. Howewvaespite the importance of smadicale farming to

global food security and issues of poverty and biodiversity, there are surprisingly few studies
whose narrative focusses on the description and conservation of sucegses in smadicale
contexts and accordingly this thesis attempts to address this knowledge gap.

Additionally, even thougbmaltscale farmers in the buffer zones of large tropical
protected areasre decision makers at the frodine of conservation and foedecurity issues
few, if any, attempts have been made in this context to conduct empirical research that links
ecosystem disservices, such as humaldlife conflict, tothe landsparing lanesharing
framework, this study is one of the first to dBy exploring the attitudes and perceptions of a
major group of buffer zone stakeholders in relation to natural habitat and wildlife at different
spatial scaleghis studyapproachesthe landsparing framework from a direction that is
rooted in its practical application that will complement theoretical predictions regarding how

best to optimise landscapes for ecosystem services and biodiversity conservation.
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The study area inrural Kenyafalls entirely within the buffer zonef alargenational
park for biodiversity conservation, Tsawamdhas potential for agricultural intensificaticdue
to large crop yielegaps.Crop yieldgaps,habitat connectivity with an important protected
area, populations ofree-ranginglarge mammalsg.g., elephants and baboons) and rapid loss
of natural habitat coupled with poverty, humanildlife conflict and foodnsecuritymean that
the areais a prime candidate for sustainable intensification, including landscape management
for ecosystem service3 he area can be considereti@spot of conservation confliavhere
the conservation of natural habitat is important for biodiversity conservation but tiseedso
a strong need to improve commodity production and utilisation to improve livelihoads a

meet the demands of a growing population
The key questions addressed in this thesis are:

Is there evidence for geographical and farming system bias insteasgervice research?
Smaliscale farming is central to issues of global fesedurity, poverty and demographic

change but does contemporary ecosystem service research reflectChigdter 2iscusses

the importance of smakcale farming, estimates global coverage of siszdle farming based
upon FAO global census data and then assesses synthetic literature regarding pollination and

biological control fogeograplical and farmingsystem biases.

How does the numerical abundarmed spilloveiof important groups oécosystem service or
disservice providing species with cropland change aldagdauseintensification gradient in
low-input smaliscale farmed landscapeSmaliscalefarminglandscapes are ore

heterogenous and complex at smaller spatials scales than-tgje farming landscapes, this
may stabilise resource availability for species inqat to ecosystem processes providing
enhanced ecosystem function.Many countries have {agd consolidation policies to intensify
agricultural production in smaticale systems, but the ecological consequences of this are little
known andansweringhis question helps to fill that knowledge gapherefore,Chapter 3
investigates the effect dandusechange orhymenopteran and coleopteran groups in a lew
input tropical sma#scale farming landscape using regression modelling and with particular

reference to spillover.

How does the functional diversity mhportant agriculturalinsectgroupschangewith land-use
intensificationin lowinput smallscale landscap&d¢-unctional diversity can reveénds in

the species traits that are linked to ecosystem processes which can differ substantially from
taxonomic trends in species richness or diversity, this can have important implications for

ecosystem functioning in farlands and suggest what problems or benefits lasd
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intensification maycreate Especially little is known from smattale farming landscapes
therefore Chapter 4 using recently developed analytical methoesamineghe functional

diversity ofColeopteraand Hymenopteraalong the saméand-usegradient as peChapter 3

How does landscape structure at different spatial scales influence stakeholder perceptions of
ecosystem services, ecosystem disservices and attitudes towards nature, what are the
implications for sustainable intensificatioB2osystem disservices (espdgidilumanwildlife

conflict) are poorly intergrated into studies of lande intensification effects on agro

ecosystem processes, yet these may be greatest in the buffer zones of protected areas where
trade-off analyses of commodity production vs. biodivgreonservatiorare likely tosuggest

that natural habitats should be oserved As suchChapter Jassesses how smaitale
FINYSNEQ LISNDS LI ked,yecosytern diSsorgiceandiagitddesitGmsads
different facets of nature are affected bgnd-useintensification at two spatial scales with

relevance to local wildlife habitat and a large protected area.
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Chapter 2.Pollination and biological control researclare we neglecting two
billion smallholders?

2.1. Introduction

Globalfood insecurityis receiving increasing attention from researchers and policy mgkers
Schutter 2008Bruinsma 2009Royal Society 200%Godfray et al. 201G~oresight 2011 An
increasing human population and rising demandrfare varied, highquality diets is placing
pressure on agr@cosystems and biodiversity across the gl@Reyal Society 200Godfray et
al. 2010 Foresight 201)L To prevent widespread food insecurity arising from the expected
increase in human population size, predictions suggestafatulturallandwill needto
increase crop production by 6@or moreby 2050(Alexandratos and Bruinsma 2Q1Zhere

are around 870 million hungry people today, nearly all of whom (98%) live alageng
countries and half of them are from smallholder househd@sbie and Yuksel 2006A0
20133. As we currently produce enough calories to feed the wlFllO 2013a8FA0 2013p

yet still have hungemproducing additional food in food secure areas will not solebagjlfood
insecurity alongDe Schutter 2008 Furthermore, he longterm sustainability ofthe industrial
intensification ofagriculture(high inputs, lowcrop and landscapéiversity) has been
questoned (Millennium Ecosystemssessment 20Q®retty 2008. Where industrial
agriculture exists it is ofteassociated wittsoil degradation and even dertification in arid
regions(Royal Society 200%thusin future we may suffedeclining productiorin some
currently productive area®On-going industrial intensification afgriculture, typicallyn
developing nationsis linked taegative social and economic impacts, including poverty and
loss oflocalfood security(Bacon et al. 201XKremen and Miles 20)23ustainable
intensification the pursuit of higheor more sustainablgieldswith fewer negative
consequences for the environme(foresight 201} is the conceptual solution to reducing
global food insecurity and meeting future food demands, and it includes the management of
ecosystem service(ecological intensificatioripe Schutter 2008Royal Society 200%oresight
2011). In this review, we examine how much ecosystem service research is derived from
developing nations, tropical climates and smallholder farming landscapes, where local food

security is at stake.

2.1.1. Smallholer-farmedlandscapes

Agriculture in generalTable2.1), and snallholder farming is a major source of food
production and income in many countri€Singh eal. 2002 Salami et al. 201Qand for the
global rural population in generdklobal estimates suggest there are-2.5 billion people

involved in farming smallholdings and 500 million smallhgjglimaostly in developing nations
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(FAO 2010IFAD & UNEP 201@\ppendix BTableB.2). The majority of the population growth

forecast for 2050 will occur in se®aharan Africa and South A@fdorld Bank 20183(Appendix

A, FigureA.1), where food insecurity is currdgtrife and more than a third of agricultural land

is composed of smallholdingBAO 2013g(Appendix BTableB.2). Thus, ensuring that

sustainable intensification carenefiti KS ¢ 2 NI RQa dzy RSNYy 2dzNA aKSR
countries, and in articular for thosewho live in smallholder households would contribute to

both global food security and poverty reducti6fhe Montpellier Panel 2013

Table2.1 Sgnificance of developing natiorfasclassified by the World Baraslow to uppermiddle
income to global population and agriculta statisticyfor regional information sedppendix AFigure
Al).

Developing All Other
Measure World . i
Nations Nations
Agricultural landmillion kn#)* 48 74% 26%
Cereal production (million metric tons)* 2587 71% 29%
Land under cereal production (million Ryh 7.C 80% 20%
Population (million)* 6974 84% 16%
Agricultural population (million)* 259¢ 98Y 2%
Yieldgap(percentage difference between actual and potential crop yield
ieldgap(percentage differ ween aci potential crop yIeld - g29 63 38
high input systems)**
Agricultural population using holdings <2 ha (million)*** 2,147 99% 1%
Smallholdings<2ha as percentage of global agricultural area*** 169 15% 1%

* 2011 (FAO 2013pwWorld Bank 2018 **2000 (FAO/IIASA 20)2*** Values estimated using data from \Wd

Census of Agriculture 20@BAO 2010FAO 2013p(Appendix BrableB.2)

There is no single definition of a smallholding, but the common understanding is that the unit
of land management is small. Several reports arbitrarily use a definition of two hectares or less
(Singh et al. 20QZalami et al. 20104FAD2011) but larger holdings (e.g. three to five

hectares) will still create very complex landscapes compared to-largle farming
Smallholdeifarmed landscapes are therefore greatly sdibided and potentially have high
diversity of crops at relativelymall spatial scalegigure2.1A). The higher potential for small

scale intermixing of crop and namop habitats (due to landscape configuration not

composition) means that in a smallhold@rmed landscape the average distance of a erop

LIX Fyd G2 1 aylFddzaNIté FNBF GKFd O02dzdZ R SyKlFyOS
than in a largescale farming landscape. As smallholtlemed landscapesan be highly
heterogeneous within and between landscapBgy(re2.1) there is a variety of such

landscapes that could be described as smallholdaerekample, they can be commercial or
subsistence, polycultural or monocultural, and with high or low inpyipendix AFigureA.2).
Smallholdings can merge together to form an extensive afemtiguous agriculture or they

can be isolated patches surrounded by otherd-uses or natural habitats
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Figure2.1 Examples of farming landscap@g Locally complex uplan smallholdings, Taita, KeBlya;
Largescale commercial farming, Norfolk, UK; C) Locally simple lowland smallholdings, Punjab, India; D)
Dualistic farming with smallholdings and larggale commercial farming, Nakuru, Kenya.

2.1.2. Ecological intensification and theegulatingecosystem ervicesof pollination

and biological ontrol

The landscape provides a range of natural resources that are valuable to pecgtalogy

GAGK SO2y2YA0azx yIlF{dz2NFt aOFLAGEEE 6&dzOK | &
as flows (or interest) ofalue.These include food, forage, fibre and fuel in the case of forests,
and nutrients, water and carbon storage in the case of deffsare broadly separable into four
categories: provisioning services (food, fuel, water), regulating services (cadragest

regulates climate, plant cover regulates flood risk), supporting services (soil microbes support
nutrient cycles and aid food production) and cultural services (e.g., recreational, spiritual and
educational values of a landscapBpllination of crop and pest control, by natural enemies of
crop pests, are regulating ecosystem services that contribute to food produdti@mnotion of

enhancing ES to increase crop Yyield (rather than using pesticides, fertilisers or other intensive
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well-established that insufficient pollination and biological control services can limit crop
production when other factors such as soil nutrients and water are suffi@arhmarco et al.
2013. Evidence is now emerging to support the theory that pollination and biological control
respond to similar drivers such as floral res@srand landscape structu(Bontin et al. 2006
Krewenka et al. 202 Bhackelford et al. 20)and it is therefore logical to consider them
together.

Recent quantitative review@.g,Ricketts et al. 20Q8Villiams et al. 201,0Chaplin
Kramer et al. 201 Veres et al. 200)Hhaveinvestigated factors that affect pollination and
biological control services or providing spec@s;h as the influence of landscape complexity
and management practices, and have shown that variability in ES provision is likely to be
context dependentWinfree and Kremen 200®iekotter et al. 2010Tscharntkeet al. 2011
Veres et al. 2003Fa example, the diversity of both pollinators and natural enemies seems to
be higher in complex agrecosystems, and that pollination services are generally stronger and
more stable on farms near natural habitgBiekotter et al. 2010Garibaldi et al. 200)1The
results of quantitative reviews have a key role to play in synthesising the evidence and
parameterising models #t can predict ES provisionifguch as INVEST, see Kareiva et al.
2011, and therefore they contribute to the design of sustainable farming landscapes and the
policy interventions that bring them abouthe exent to which the body of the work
synthesised in such reviews can suggest management interventions across a range of
agricultural systems clearly depends on the range and representativeness of the studies
included.Geographical biases have recently beemdeastrated in reviews relevant to
pollination ecology suggesting our understanding of pollination is poor in developing regions
such as suisaharan AfricgArcher et al. 2014 We build on these findings, with regards to
food security, by focussing on regulating ES research relevant to crop productivity and by
evaluation of the farming landscapéhere data were collected, particularly with regard to
smallholdingsThis study specifically ask the constituent studies of recent reviews relevant
to agricultural pollination and biological control adequately represent farming landscapes
(smallholdeffarmedvs largescale farming), global biomes, regions (as defined by the World

Bank), and national income statuses.

2.2. Methods

In May 2013,aWeb of Science topic search foreof | Y RA OF LIS hw RAGRI dzND | y C
crop yield OR fruit set OR food producfigkND [pollinat* OR natural enem* OR biological

control OR CBOR pest control] AND [metay I f @aA & hw NB @dsbsedoé 6, S+ N

5
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find recent quantitative revieweelevant to croppollination and biologial control(note CBC

means conservation biological contrdReviewswere excludedAppendix ATableA1) if they

hadwere relevant only to specific crepdid not use metaanalysis or quantify/model a trend

or pattern,or used few agricultural studies (less than 50%)y additional reviews relevant to
pollination and biological control referenced in selected reviews were also included in the
screening procesd.he agriculiiral studiesused ineachreview @ppendix ATableA.2) were

selected for further analysi® = 190)We excluded studies with no focus on crops (n%&3)

example those conducted in naturdlabitats), no field componentl{oseconducted in labs or
greenhouses)or those conducted iplantation forests The selected reviews and the studies

therein did not necessarily consider ES impacts on crop yields dit@éiy it was the

response of Efroviders that was the focus of a study, with no or limited quantification of

impacts on food productior-lowever, some reviews did link ES providers to yield, such as
Garibaldiet al.(2013) which linked wild pollinators to freset.¢ K dza = ¢ K8 ¥ 2 ¢(ER € A Y
reviews or studiesire referred tq these are relevant to pollination, but they did not

necessarily directly quantify it, and might instead have focused on the abundance and diversity

of pollinators.¢ KS al YS A& G NXzS T2 Norsupligspvihiznid ot £ O2y G N
necessarily directly estimate pest suppression, but might instead have used proxies such as

natural enemy abundance and diversity.

Table2.2 Criteria used to classify farmitgndscapeFarming landscapes were classified by the % of a
dGdzRASEAQ fI yRaOlFILIS O02YLI2aSR 2F RATT STy ditermAl SR T
were suitable for all the studies used in our selected reviews, but they do not encompass all

combinations of field size.

Field Size
Farming Landscap¢e XX o0 Kx p KX M~
Smallholder X 00:: X o007 -
Dualistic X 0053 - X 0 037
Largescale - XX 007: X 00

Studies werananuallyassigned to a farminigndscape (smallholder or largeale;Table2.2)
based on descriptions in the publication, satellite imagery fRingMapsand GoogleMaps

and, in some casedijrect correspondence from authort.is possible that some landscapes
may have changed sintiee date of fieldwork in a study, but no discordance between author
descriptions and satellite imagewas found It should be noted that the relative (%)
composition detailed iMable2.2 classifies landscapes frormththat is under temporary

arable agriculture and (or) permanent croplafithese comprise crops that are sown or

planted once and crops that are not replanted after each harvest, such as cocoa, coffee and

rubber (but not timber).
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From an ES perspectiitavas consideredhat a 2 ha maximum field size (as often
used in UNEP or FAO reports) was too small to define smallHaldeed landscapes because
areas with many fields of 3 ha still have high local and landsuaypelexity.Therefore & ha
maximum fieldsizewas used to giveonservative results (givehe aprioriassumption that
smallholdings will be underrepresented) that slightly eestimated the number of studies
from smallholdefarmed landscapes (considering our exieecvalues are derived frorfiFAO
2010 using a maximum field size of 2 hg)l y Ra O LJS%of (ahablé dad prronanent
cropland areas composed of field3 ka and 83% of cropland areasomposed of fields & ha
were considered to bemallholdeffarmedlandscapes, | Y R& O LI®%of cioplahd > o o
areas composed of field8<al Yy R %tpbcoopland areasomposed of fields 0 hawere
considered to be dualistic landscapé@&s. provide a suffient contrast to smallholder or
dualistic landscapes, largeale &ndscapesvere defined as having 0%of cropland areas
composed of fieldsxhal y R %tpbcoopland areasomposed of fields t0 ha If a landscape
had large areas under a single manageimbut small field sizes, such as a lasgale
commercial orchard subdivided into small suihits, these were classified &ggescale
Author descriptions of the farming system were particularly important in the characterisation
of orchard and plantatin systems which were more difficult to define from satellite imagHry.
it was unclear whether a field was pasture or cropland then it was considered cropland.

Many studies defined their location as a single spatial point and in these cases the
landscapewas considered to be an area within a 1 km radius of the pbHitite location of a
study was defineds a generadrea(e.g> West ofGottingen Germany), the study landscape
was estimated from thelominant farming systerfor that area Where study sitegave high
resolution spatial references for multiple sitéke landscape was defined from all the sités
multiple landscapeg/peswere presentthe study was included in multiple landscape
categories

To assess economic and biogeographic biases studies were classified according to
national income and global region as per World Bank Databank 2011\Watél Bank 2018
and climate usingsrcMap vi0 (ESRI2001 Y R ¢ KS b I (i dzNSrestridl ¢légb& NI y O &
ecoregions majThe Nature Conservancy 20090 generate expected values for studies by
World Bank income groupYorld Bank regiofiincluding all national incomes and not just
developing nations)and biome jt wasassumed that the number of studiesarcategory
would be proportional to thearea of cropland containeith that categoryFAOSTA{FAO
2013b was used to calculate 2011 cropland afeambined area of arable and permanent

croplands)or World Bank income groumndregions. Cropland area per biome was extracted
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from the GlobCover2009 landcover m@SA & UCLouvain 20a&ingé b / Qa G SNNB a i NA
ecoregions magThe Nature Conservancy 2008 ArcMap V10.GESRI 20)1Where crop

cover for a pixel was defined by a range central value of that range&as usedAs figures
were unavailable to describe the proportion of smallholding ahes was cropland, expected
values for global and regional areas of smallholder farmergéscalevs. smallholder only)
were generatedy assuming that the nunds of studies in a category would be proportional

to the area of agriculture contained in ategory.Expected values fahe number of studies
from differentfarminglandscapesvere estimated using the World Census of Agriculture 2000
(FAO 201pin conjunction with2011 FAationalestimates ofagricultural area and

agricultural populationAppendix BTableB.2). It should be noted that FAO census data were
collected over the period9952005 and for many countries data were deficient or the
structural nature of agriculturgvaspoorly assessefAppendix BTableB.1). This is an issue

that will hopefully be addressed inture censuses and researéhisquare or exact
multinomial goodnes®f-fit tests were used to compare observed against expected
proportions. Exact multinomial tests used MonteCarlo simulations with one billion trials to
generate significance valueStaistical analyses were performed in R 3.(R1Development

Core Team 2004
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2.3. Results
We analysed seven quantitative revieWwable2.3) relevantto crop pollination and four

relevant to biological control containing a total of 190 studigppendix ATableA.2).

Table2.3 Quantitative reviews and metanalyses of pollination and biological contselected for this
review

Author Theme Sudes* _ Studes.
Ricketts et al. (2008) Distance to natural habitat 22 22
Winfree et al. (2009) Disturbance 50 27
c Williams et al. (2010) Disturbance 21 11
"é Garibaldi et al. (2011) Isolation from natural habitat 29 29
? Garibaldi et al. (2013) Qop pollinationby insects 43 43
Kennedy et al. (2013) Local and landscape effects 34 34
Shackelford et al. (2013) Local and landscape complexi 19 19
Unique studieqn) 115 88
S Letourneau et al. (2009) Natural enemy @ersity 63 30
§ ChaplinKramer et al. (201  Landscape complexity 45 44
_T%:)) Veres et al. (2011) Landscape complexity 25 24
é Shackelford et al. (2013) Local and landscape complexi 28 28
Unique studieqn) 138 102

* The number oktudiespresentd may differ with those presented by reviewas some
combined studies from different years at the same location into single enrtesse were spilt
for the purposes of this review. Other QRs spilt single studies into multiple entries mvbee
than one crop was investigatetlerethey areconsidered as a single study

** 46 studies were used in thisviewbut one PhD thesis (O'Rourke, 2094@s omitted due to
lack ofaccess.

2.3.1. Farming &ndscape
Overall, smallholder studies accounted 1% (n = 22) of the pooled studies (7%, n = 7, of
biologicalcontrol studies and 17%, n = 15, of pollination studiégure2.2D). Both globally
andin developing nations the expected proportion of smallholder studies was much higher
than observed when considering agricultural population, but not feicaiural area Figure
2.2D &Figure2.3). For both services, there were far fewer smallholder studies than arge
given the size of the agricultural population in each farming landscapen the size of the
agricultural area, in contrast to the agricultural population, biological coimiretnallholdings
was insuffieently studied but there were approximatefs many studies as expected for

pollination.
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Considering individual review8ppendix ArigureA.3, studies within a review, not the
overall study pool), the mean ratio of largeale to smallholder studies to for pollination was
5.4 (SD 4.5) and 18.3 (SD 8.4) for biological control. Most (10/11) reviews also differed
significantly from expected valuesrffarming landscape when considering agricultural
population, but when considering global cropland area no significant differences were
apparent.

When considering only smallholder studies, the regional distribution was uneven
(based on agricultural are&jgure2.3A0 @ a2 aid NBIA2ya LI NI FNRY Y
smalltolder area or population. Smallholder pollination studies exceeded expectations based
2y FNBF F2NJ W9l ad !'aial FyR GKS tIFIOATAOQ | YR
F2NHWHKAzaNT y ! FNRAOF Qd b Sk NI @& || fpolliNdichstadigssi ¢ S NB
GKSY O2yAARSNAY3I | ANAOdzZ (GdzNIF £ LR LIz | GA2y > I 3
/I T NA6OSIYyQod

2.3.2. Regions
Pooling the constituent studies of the quantitative reviews showed that 86% (n = 88) of the
biologicalcontrol studies and5% (n = 45) of the pollination studies came from Western
Europe and North Americ&igure2.4& Figure2.2A). Both percentages were significantly
higher than expected compared to the 34% of global cropland contained within the World
Bank Regions that encompassed these areapi(e2.2A). There were no biologicabntrol
studies in Africa or continental Asia and fewer pollination studies than expected given that
these regions contain approximayehalf ofglobal croplandvith an agricultural population of
approximately 2illion (World Bank 2018 For information on the importance of a region to
various global statistics (e.g., crop production, population, biodiversity, etcAgeendix A
FigureA.1.
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A) World Bank Region m Biological Control (studies = 102)
O Pollination (studies = 88)

Sub-Saharan Africa Expected value derived from % of
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Figure2.2 Analyses of pooled studies for biases in region, income group, biome and farming landscape
Unique pollination and biological contrsiudies (relevant tagriculture) pooled from all quantitative
reviews, are compared by percentage for World Bank regions (A), World Bank income groups (B),
biomes (C) and farming landscapes (D). In C) Trop = tropical atibpigal; Temp = temperate; Med =
Mediterranean.Expected values for each factor level were derived from the percentage of the total area
of global cropland (A & BFAO 2013)) the percentage of the total area of global croplandl (ESA &
UCLouvain 20Q9he Nature Conservancy 200and the percentage of global agricultural area ({830
2010 World Bank 2018or the % of global agricultural populatiam each farming landscapg) Region
Pollination (Poll)2 = 37.9, P<0.001; Biocontrol (BioC): P<0.001 (Exact Multinomial B)@atjomePoll:
.2=95.8; P<0.001; BioCG:= 253.0, P<0.001. B)omePoll:.? = 18.3, P<0.001; BioC:= 78.1, P<0.001.

D) Farming Systend Global Agriculture: Poll: P=0.5435 0.4; BioC: P=0.014,= 6.09; % Global
Agricultural Population: Poll: P<0.00% = 237.5; BioC: P<0.00%' nmMH®n o6b23S h F2NJ
due to a Bonferonni correction for multiple tesg).
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A) Smallholder studies per World Bank region

East Asia & Pacific
South Asia
Sub-Saharan Africa
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Europe & Central Asia 9 ’
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B) Smallholder studies per development class

Developing
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% of pooled studies drawn from Quantitative Reviews (QRs)
Figure2.3 Pollination and biological control studies from smallholder farming landscapes as a % of all
unique pooled studies for each service are compared by A) World Bank regions and B) development
class Expected values for A and B were derived figAO 2010FAO 2013pand were generated by
multiplying the global % of agricultural land/agricultural population for a region/development class by
the within factor % that was estimated to be smallholder.
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Figure2.4 Distribution of pollination and biological control studies relevant to food production used in
quantitative reviewsSmallholding Environment (coloured areas) is a broad classification of smallholding
type (see Dixon et al. 2001 for definitiorfer countries that are not defined as OEGIgh income

nations (greyed areas) by the World Bamkese colours state the likely type of smallholding to be

found if present and do not reflect the presence/absence or importance of smallholding in artHigba.
potential environments (in terms of crop yield) are a combination of irrigated farming systems, wetland
rice based farming systems, and rainfed farmsggtems in humid areas of high resource potentialv
potential environments are those of low current productivity or potential because of extreme aridity or
cold. Highland environments are steep and highland areas.



34

2.3.3. Biome (dimate)

With respect to the aga of global cropland, the temperate region contributed double the
expected number of pooled studies (77%, n = 78, for biological control and 58%, n =45, for
pollination; Figure2.2C).The number of biological control studies was a quarter of that
expected (11%, n = 11) and, whilst higher, the number of pollination studies was also less than
expected (27%, n = 2Nlediterranean studies were more numersthan expected from
cropland area for both pollination and biological conttadividual reviews on pollination
contained studies with the expected proportions (given cropland area) for temperate and
tropical biomes, whereas the coverage within threelbgicatcontrol reviews was significantly
and strongly biased towards temperate biomégppendix ArigureA.3). The remaining
biological control review by Letourneau et al. (2009) was also significantly skewed to
temperate studies, but much less so, and it did explicitly compare tropical and temperate
studies.Overall, ninestudies were from biomes that were of low productivitpld or dry) or
small in extent: seven were from deserts and xeric bushlanddéwo were from boreal and

taiga, a further studywasfrom the montane grasslands and shrublands biome.

2.3.4. Income (cevelopment)

Studies from deveped regions accounted for 82%=rL55) of pooled studies (92%, n = 94, of
biological control and 69%, n = 61, of pollination studiégure2.2B). The number of pooled
pollination gudies from developing countries was approximately equal to expectations based
on cropland areaRigure2.3B) although withvariedgeographic distribubn (Figure2.3A).

However biological contro(pooled)was insufficiently studied in developing countri&sglure
2.3B). On an individual basis most reviews (10 out of 11) also had significantly fewer studies

than expected from developing regionsppendix ArigureA.3).

2.4, Discussion

2.4.1. Food security and sustainablatensification

Agricultural growth is particularly effective in improving food security, especially in low income
areas(McGuire 2013 and sustainable intensifiion is a pathway for realising thiBretty

2008 Royal Society 2009he Montpellier Panel 20)3Sustainable intensification includes

enhancing or conserving ecosystem services for the role they can play in maintaining and
increasing crop productio. KA & | aLJSOG 2F adzadlrAylrofS AyidSya:
Ay G Sy a ABom@drcd ét 8l.y2@)3Ecological intensification is as important in the

developing world as it is in the developed woNdhilst mostof our understanding of some

ecosystem services exemplified here by pollination and biological controlcomes from the
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temperate and developed world, the bulk of the world's agricultural land, production and
human population can be found in the develogiworld.In addition, the diversity of farming
systems in the developing world is greater than the more uniform laggde and typically
intensive agriculture in the developed worl8ustainable intensification of developing world
agriculture must includ the billions of farmers that are smallhold€gcGuire 2013The
Montpellier Panel 2018for whom management guidance for ecological intensification must
also work(Dobie and Yuksel 20p%1owever,it isshown here that there are significant
farminglandscape, regioriaclimatic and economic biases in the evidence base underpinning
the likely contribution of regulating ecosystem services to sustainable intensification via

quantitative review.

2.4.2. Farming &ndscape

Only 12% of pooled studies came from smallholid@medlandscapes as most quantitative
reviews were based on data from largeale farming and typically used three or fewer studies
from smallholdeffarmed landscaped he extent to which management interventions derived
from research conducted in larggeale fams in developed regions such as the US and western
Europe can be generalised to benefit food security in other regions is likely to be limited when
there are significant contextual differences in farming system, climate (e.g., differences in
extremes andnodality of temperature and rainfall between temperate and tropical regions)
and biogeography (e.qg., differences in regional species pools).

Compared to largscale farming landscapes smallholdarmed landscapes are much
more diverse in terms of local ddandscape complexity, management intensity and the
interactions between themAppendix ArigureA.4). Smallholder landscapepatrticularly in
areas of subsistence farming, are likely to have a high richness and diversity of crop types, both
spatially and temporall{iFAD & UNEP 201131 smallholding areas typical of s@aharan
Africa Figure2.1A &D), dwellings and associated liv@sk, trees, gardens, paths and
boundary features generate local complexity, but this is much reduced in$aaje systems.
Also, smallholder landscapes typically will not reach the levels of management intensity that
occur in largescale farmssimplybecause of theiseof manualrather than mechanised
labour. If research efforts are concentrated in largeale systems theihis unlikely the
gradients of farmland landscapeomplexity and management intensity and their relationship
with ecosystem serge providers and functioare being fully explored

As well as differences between smallholder and lesgale farmed landscapes, there
are clearly cultural and contextual differences within the smallholder system (e.g., coffee

agroforestry in humid Soutkast Asia vs. maize farming in semd subSaharan Africa).
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However, of the 22 smallholder studies in the quantitative reviews, 16 came from a single
context- coffee systemsCoffee is a cash crop, a perennial crop, and a stimulant that has no
calorific value.Thus, research in these coffee landscapes is of low relevance to landscapes of
annual crops that are grown for local consumption and contribute to local food security.
Therefore, both an increase in the proportion of smallholder research andhalgtrease in

the diversity of researcts neededAll two billion smallholders two billion decision makers

T are unlikely to be served by the same research findikggeover, since our expectations of
how much research should come from smallholder fadnlandscapes were based on the
number of smallholder farmers, the results were more significantly biased against smallholder
farmed landscapes than they were when our expectations were based on the area of
smallholder farmlandAlthough the area of smalditder farmland is more relevant to total

global food productionit should beemphasizd that the number of smallholders, who

constitute a large proportion of the undernourished, would seem to be more relevant to local
food security.Thus, the combinatioof diversity and food insecurity in smallholder systems

means that research biases against these systems are all the more acute.

2.4.3. Region

We found that 55% of pollination and 86% of biological control studies came from North
America and Western EuropRegimal biases such as these might pose a problem for
generalising to other underepresented regionsThe responses of different bee species to
disturbance(Winfree et al. 2009Cariveau et al. 203&nd the applicability of agperalised ES
relationship (e.g., the relationship between flower visitation and distance from natural habitat)
may depend upon the species present in a reginrsome cases, functional groups of service
providing species may be absent or substahtidifferent between regiongArcher et al.

2014). For example, bumblebeeBémbusspp.) area wellstudied genus of wild pollinator, for
which management options have been developed in Europe and North An{ertda et al.

2010, but they are absent from suBaharan AfricéMichener 2007. Furthermore, the

balance between ecosystem services aiskervice (services that reduce productivity or
increase production costs, such herbivory) flowing from a natural habitat to a nearby
farmland may differ between regionQuantitative reviews have often found that natural
habitats benefit ecosystem services such as pollination in nearby farr(flzmekample,

Garibaldi et al. 200)1However, the species that can move from natural habitats into croplands
can fundamentally differ between regiorBroximity to a natural area in st®aharamfrican

and South Asia can expose a farmer to eraiging elephants and primates that can reduce

crop yields and create humawnildlife conflict.In contrast, in Europe and North America,
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regions to which research is biased, crapling is a minor problemWWhen studying the net
benefits of natural habitat in certain se®aharan African contexti$,could bethat crop raiding

(an ecosystem disservice) tends to outweigh the benefits of enhanced pollination and
biological control services on farms near naturabitats.The consequences of crop raiding

are likely to impact large landholders less than smallholders, as an individual smallholder can
easily lose the majority of their harvest to an elephant or troupe of babaaltsough
ecosystentissewices could strongly affect the design of sustainable farming landscapes (for
example, crops that are unpalatable to primates might be used to buffer a habitat with many
baboons and monkeys), they are poorly considered in the published literéiiutesee Zhang

et al. 2007.

2.4.4. Biome (dimate)

Tworthirds of pooled studies came from the temperate region despitical croplands
occupying a larger area than temperate croplar@byiously there are profound climatic
differences between biomes that shafiee assemblages of pollinators and invertebrate pests
and their natural enemiedn generalthe effects of clnate and climate change on pollinators
are much better understood thaare effects orother groups okcosystem servicproviders
(Cock et al. 200)3and our analyses reflect thig/e show individubguantitative reviews
relevant to pollination tend to balance data from tropical and temperate regions whereas
biologicalcontrol reviews were all significantly and often strongly biased to the temperate
zone.

There can be major dérences between trojial and temperate biomes in the spatial
and temporal availability of resources important fgosystem servicproviders in natural
habitats (habitats that may enhance ES in nearby créms)example, the plant community in
aseasonalropical lowland forestfias a continuous pollination perigbdroughout the year
compared to just late spring and summer in northern temperate foré3ésva 1990
Temperateforests also havaigher mean flower longevity and a larger proportion of wind
pollinated plants than aseasonal tropical foreawa 1990 As the functional significance
(flowers providing nectar and pollen) of a forest to pollinators differs betwasgshwithin
biomes, this is likely to be the case for other habitats (including agricultural land), functions
(e.g., nesting sites) and ecosystem service providersAssuchinterventions for ecological
intensification that require manipulating or conserving natural areas in a farming landscape
should carefully consider what climate the intervention was derived from and the implications
of any functional differences in hahis between derived and target climatésee Cock et al.
2013.
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2.4.5. Income @levelopment)

It is not surprising that more than 80 % of studies were conducted in developed regions since
funding for sciene is higher thereThis may also reflect a publication bias in that researchers
from developed nations may be more likely to publish their work in Endlisfluage peer
reviewed journal@nd a reviewer bias where studies are more likely to be cited wheadtiest

are in publications from higlncome nationsThe consequences of the overabundance of
studies from temperate regions and largeale landscapes (particularly the U.S. and Germany)

were discussed above.

2.4.6. Insights from &rge-scalestudies
Studies of easystem services from largeeale farming landscapes (typically temperate)
provide insight into the aspects of an aggoosystem that should be conserved when a
complex and/or lowintensity system is faced with intensificatidfor example dcal
managemenoptionsare likely to have more positive effects sarvice providing insecta
agricultural landscapesf intermediate complexityTscharntke et al. 2005dscharntke et al.
2012k Scheper et al. 2033but less so in smadicale landscapes comprising many other
habitats in addition taagricultural fieldgBengtsson et al. 200%Vinfree et al. 2009Batary et
al. 2011 Kennedy et al. 20)3The interaction ofdcal and landscape factocsn be important
for ES deliverps was thecase for flower visitation and production in commercial South
African sunflower fieldarhere the enhancement of floral diversiyithin fields ameliorated
the negative effects of isolation from natural habi{@arvalheiro et al. 20)1Cultural species
(dependent on crop habitats) of pollinators and natural enemies might be negatively affected
by landscape complexity, whilst ecotone species and dispersers (dependent -@napon
habitats) might be positively affect§@hackelford et al. 2033

The most recent reviews relevant to pollination should be commended for considering
complexity at multiple spatiadcalesFor exanple, Garibaldi et al. 2013 and Kennedy et al.
2013stratify their study selection® incorporate a range of farminigndscapes for meta
analysis making it much easier to generalise their findings to multiple contdowgever, even
in recent reviews, smallholding landscapes are not considered explistisuch, determining
whengenerdisationscan and cannot be appligd a type ofsmallholder landscageacross

multiple regions (and thus climateshould be a priority foESscience

2.5. Conclusions
Quantitative reviews are essential for modelling and predicting ES provisioning in tge dési

sustainable farming landscapes, for directing the policies required to adapt our current farming



39

practices and advancing ecosystem service thddoyvever, the constituent studies of recent
reviews relevant to agricultural biological control andattesser extent, pollination were

biased towards largscale landscapes and/or global biomes (temperate), regions (North
America and Western Europe) and national economic statuses-ifiigme, developed
nations).Differences (spatial and temporal) in ma@ment intensity and local complexity
between smallholdefarmed and largescale farming landscapes may cause ecosystem
serviceproviding insects to respond differently to disturbance and management interventions.
The high local complexity of smallholdarmed landscapes could promote beneficial species
and consequently the ES they provitiethis scenario the conservation of &Bilst increasing
crop productiorwill beNB I dzZA NBR 6 6S YA IKG G S N)comfarkdito ¢ SO2 f
largescale lands@pes where ES are diminished d@hdir restorationor replacement is

required (ecological intensificatiorBiogeographic differences between regions in terms of
climate and serviceand disservicgroviding species pools may also present problems for the
generalisation of findings and application of ecological intensificalibns,generalisations

from the quantitative reviews included here to smallholdarmed landscapes and, for
biologicalcontrol reviews, to tropical landscapes, shouldrbadewith caution, especially in
regions where little research has been conducted.

More specifically, research bias in reviews affects their general application to
informing about sustainable intensificatiohhe large number of pollination and biological
control studes from temperate largscale farming landscapes suggests we are well placed to
improve ES and trial ecological intensification thétewever, lower data availability from
other farming landscapes and/or climates, notably tropical (for biological comtvigws) and
smallholder, meani& maybe difficultto use current reviews to inform ecological
intensification in such datdeficient regionsThisproblemis greatest in tropical regions with
diverse farming landscapes and high agricultural populations suSbth Asia and sub
Saharan Africawhere smallholdings contribute more tharttard of the agricultural area
Data deficiency for regions thatcontdbi S Y dzOK 2F (GKS 62 NI RQa LJ Ld:
and hunger (e.g., South Asia, China, Russia and Africa) poses further problems to improving
food security with ecological intensification (and ecological conservation).

Investing globally in smallholdegsearch for multiple crops and finding more projects
and publications from regions where there is little information (such as China, Russia, South
Asia and Africa) is essenti@his is especially the case for research relevant to biological
control, whichappears more biased than pollinatisalevant researchTo increase their global

relevance, quantitative reviews investigating landscape or local effects on ES should consider
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the coverage of their datasets with regards to region, climate and farmingtaipe.

Following on from this future empirical studies should target smallholder systems, with
quantification of climate and complexity in time and at multiple spatedlesClassification of
existing studies that do not present landscape informationld@lso provide new data and
this is becoming easie@penaccess satellite imagery (e.g., Landsat8 or GoogleEarth) and
software (R, QGIS, GRASS) now enaddehocclassification of farming landscapes, and
detailed global datasets for biodiversity, foptbduction and development are available from
the IUCN, World Bank and FA@ernational collaboration is needed to search for, translate (if
necessary) and disseminate the ES datasets that no doubt exist in the developingMerid.
suggest that noftEngish language publications and agricultural instituticimst may often be
overlookedwill be productive Data regarding the cost of ecosystelisservice in agricultural
areas near protected areas in South Asia or-Saharan Africa may alreallg available from
social and developmental disciplindso, this should be integrated into current assessments
of the net ES value of natural habitats.

Global datasets regarding the structure of farmland are incomplete and inconsistent.
Therefore our eimates of smallholder area in some regions, such asSaltaran Africa, were
based on limited data anitlis hoped thatthe pending World Census of Agriculture 2010 will
improve the situationFurthermore, our classification of landscapes into broad stmat
categories was necessarily simpliskcom an ES perspective smallholding landscapes could
better be defined using statistical measures of configura{gme Kennedy et al. 2018nd
information regarding composition and managemefih appropriate classification scheme for
smallscale farmingperhaps building on Dixon et al. 2Q@buld be used as a guide to
ecologicaintensification/conservation.

In the face of global climate changad food security, it is important to understand
these issues for diverse environmental conditions and landscapes that fully represent the
global farming constituencyurther investigaton of the conditions that characterize
smallholderfarmed landscapes would provide crucial informatregardingthe resilienceof

such landscape® environmental disturbance across multiple ecosystem services.
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Chapter 3.Landuseintensification effects onecosysem serviceand disservice
providing insects in d@ropical smallholder landscape

3.1. Introduction

When harnessingcosystem servicdsr agricultural production, a process called ecological
intensification, ecosystem services can be defined as the irddiate services that support a
final service of crop yiellBommarco et al. 20)3Ecological intensification manages
(intermediate) ecosystem service providing species that contribute directly or indirectly to
agricultural productior(Bommarco et al. 20)3such as crojollinating bees, the natural
enemies that consume crop pests or soil species that enhance nutrient cycling. Using
ecological intensification to reduce crop yigjdps, the difference between realised and
potential yields, is a means of improving food security and producfitnisis highly relevant
to smaltscaled farmed landscapes in lemcome nations where yieldaps and foodnsecurity
are often high(FAO/IIASA 20)2Yieldsgaps in smadcale farming landscapes have typically
been reduced with conventional intensificatigBriones and Felipe 2018nd/or the
consolidation of landholdings into simplified landscapes of contiguous crogtarahg eal.
2011). However, optimal levels of casffective production may not have been realised in
these situations as conventional intensification can degrade ecosystem functi@irgh
2000 Wood et al. 2000Bennett et al. 2001Zhengfeng 200deading to declining ostagnant
crop yieldsdespite technological advances or increased infjkitdey et al. 2011 Loss of
landscape resources, such as natural habitats that offer species that provide ecosgstéra
refugia from disturbancéSwinton et al. 200;7Coll 2009 or resources such as flowers
providing nectar and pollen, can lead to sojstimal yields(Halaj et al. 2000Carvalheiro et al.
2011 and/or increased expenditure on ssifituting reduced service@.g. , pesticides
substituted for natural enengis, Pimentel 2005Losey and Vaughan 200&dditionally,
conventional intensificatioteading to ncreased pesticide use can negativieiypact beneficial
ecosystem service providing insef@esneux et al. 200 Brittain et al. 2010 Potts et al. 2010
Brittain and Potts 201)1 Landscapes in piiatensification smaitscale farmlands with large
yield-gaps are often spatially artdmporally complexXespecially at local scales ,Steward et al.
2014 and research, derived mostly from largeale farmlands, has shown that cplexity can
promote pollinators and natural enemi¢€haplinKramer et al. 20L,1Shackelford et al. 20)3
Given the high complexity of smalitale farming landscapes regulating ecosystem services for
crop productionmay well be adequatéTscharntke et al. 2012bincreasing foogbroduction
efficiently in smalkcale landscapes with yietghps will require conserving features that

promote regulating ecosystems services whilst erdiag soHnutrients and water availability
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(either conventionally or sustainablyyrther, given the strong policy drivers for consolidation
and expansion of farmland in large countries such as GKinghe 2002Niroula and Thapa
2005 Min 2006 Bledsoe et al. 200Huang et al. 2013, INtirenganya 201pit is important to
understand how such features can be conserved as field size and landscape cropland area
increase This requires undstanding of cros$abitat spillover of species between nanop
and crop habitatgreviewed byBlitzer et al. 2012Tscharntke et al. 2013phowever, a
discussedn Chapter 2, there is a need for more research into sswlle farming landscapes
where we have a poor knowledge base for the costs and benefits of reguéatirsystem
services and disservices and their interactions compared to kagme farming systems
(Steward et al. 2014, see also ChaptemBis could hinder cosdffective (ecabgical)
intensification of smaltcale farming landscapes.

Spillover occurs when species move from one habitat type to another (this can be
dispersal or foraging behaviour) and is implicit to many management options relevant to
ecological intensificatiorsuch as providing or conserving norop floral resources in or
adjacent to crops for pollinators and natural enemiBgwell et al. 2006 and predicting
where and when they will be most effecti¢e.g., the intermediate landscapmmplexity
hypothesis, Tscharntket al. 20120. In the context of smabcale farming landscapes it is
important to understand how spdver will be affected by policies promoting landscape
transformation as a means to produce more food, in particular how the spillover of
agriculturally important taxa responds to the conversion of {woop habitats to cropland and
the consolidation of snikfields into fewer larger fields growing a reduced number of crops.
Reductions in community diversity, the overall abundance of beneficial insects and the
ecosystem services they provimEursas distanceso (or isolation from) natural habitats
increases. For example, pollinator species richness, flower visitation, crop yield, and service
stability all decline with increasing isolation from natural areas (a consequence of the
expansion and consolidation of cropland) with effects occurring at spat#sof kilometres
to hundreds of meters depending on the species or group in queé§ilaketts et al. 2008
Garibaldi et al. 2011 Croppest parasitisnby parasitic hatural enemies generally decreases
with distance from field boundarigg.andis and Haas 199Raggen and Gurr 199Bong et al.
1998 Thies and Tscharntke 199fson et al. 20Q8Bianchi et al. 2008with effects seen at
distances as small as tens of meters. Quept predators in temperate regionsuch as ground
dwelling carabid beetles and some spiddrave been shown to hibernate in namop habitats
going on to invade croplands in spriagd penetrating up to several hundred meters from

field margindCoombes and Sothertord986 Booij et al. 199h Reducing the length of the
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interface between crops and necrop areas may reduce pesontrol (Bianchi and Van der
Werf 2003 but see Vollhardt et al. 200®erovic et al. 200and reducing the proportion of
natural habitat within a landscape can reduce the overall landscape abundance of beneficial
spedes that benefit from norcrop habitats which, in turn, results in reduced spillover into
croplands(Schmidt and Tscharntke 200Reducing sematural habitat in the landscape can
promote croppest populationgVeres et al. 2003 and decreasing landscape complexity can
be detrimental to both pdinators(Shackelford et al. 20)&nd natural enemiefChaplin
Kramer et al. 201;1Shackelford et al. 20}®ut does not necessarily affect pest abundances
(ChaplinKramer et al. 2001 Kennedyet al.(2013) found that bee abundance and diversity
were highest in diversified, organic agriculture in landscapés re#ource rich surrounding
land-cover.Non-crop habitats, however, may also be the source of ecosystem disservice
providing species especially for srasthle farmers in the buffer zones of protected areas for
nature conservatiorjBurgess 198INaughtonTreves 1998White et al. 1998Madhusudan
2003 Sitati et al. 200p

Knowledge of how common ecosystem service or disservice providing species spillover
from other habitats and into croplan@Figure 1.1Duelli and Obrist 2003 scharntkeet al.
20050 will determine which management interventions are appropriate. Across the interface
of cropland and nostrop habitats different species providing the same ecasysservice may
have contrasting distribution pattern®uelli and Obrist 20Q¥ scharntke et al. 2005lor have
the same response pattern but at different spatial scalgstribution patterns across the crop
non-crop boundary include those of stenotopic spediest are only found in nostrop
habitats, cultural specighat prefer crops, disperser species that colonise crops fromarop
habitats, ecotone specidhat aretypically found at the interface of crop and nenop
habitats and ubiquist specid¢isat have no preference for either habitéDuelli and Obrist
2003, see Chapter 1 Figure 1.Eor example Shackelfoed al. (2013) found the compaositional
complexity of landscape had pasi¢ effects on spiders but results for predatory beetles and
parasitoids were inconclusiyand ChaplirkKrameret al. (2011) found specialist natural
enemies tended to respond to landscape complexity at smaller scales than generalist natural
enemies. As th response of differenécosystem servicproviding functional groups or taxa to
landscape change variable(e.g., Williams et al. 20)0in the context of ecological
intensification it is important to consider the response of multiple agriculturally relevant taxa
or functional groups when observing and predicting the effects landscape change. If a
management intervention for one group etosystem service providing species benefits
FYy20KSNE GKSy AdGa LINT Ol A GtAfy QziaiPhiefiPoupAza A Y LINE
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Conversely if a management intervention for one beneficial species group or ecosystem
service supresses another then a tradeoff may o¢Power 201(. Compatible responses to
landscape and local complexity have been demonstrated fail@arthropods providing
biological control of crop pestnd crop pollinatior{Shackelford et al. 20)3services tht
both provide substantial benefits to agricultufleosey and Vaughan 20@&rnandezCornejo
et al. 2009 Gallai et al. 2000

When planning for ecological intensification ielsoimportant to remember that
spilloveris not always beneficial and can act as a souraco$ystem disservices suchppest
populations(Lavandero et al. 200&@hang et al. 20QEilers and Klein 2009kdisease
(Despommier et al. 200&8Nugent 201) or dangerousand/or cropraiding mammals
(Woodroffe et al. 2005anskip and Zimmermann 20p%¥conomic losses in thénited States
due to wildlife damage were valued at $944 million in 2@Qational Agricultural Statistics
Service 2002and2001-2003 global crop losses due to animal pests were estimated te be 5
19% for major cereals-¥3% for potatoes, -36% fo soybeans and-22% for cottonOerke
20096). In subsistencesmallholderor commercialargescale organic contegtwherepesticide
usemay be relativelyow, spillover ofecotone and disperseasrop pestsandtheir natural
enemiesmight be of particularmportance to crop productivityThisis alsoof particular
relevanceto fields oftransgenic crops designed to reduce the need for pesticidedussh as
Bt cotton for whichthere is there is conflicting evidence regarding theld upvs.biological
control of secondary crop pest§Vang et al. 2008_u et al. 2010Lu et al. 2012 It is also
relevantto interventions that promote natural enemies (e.g. floral resources or overwintering
sites in different kinds of field margins) thaduldalso benefit pest$Robertson 1993White et
al. 1997%.

This study investigatethe response of multiple groups of mobile insect pests,
pollinators and natural enemies a lowinput smaliscale landscape that is undergoing rapid
transformation due taagricultural extensificatiofthe conversion of nowrops habitats in to
agricultural landand consolidation (increasing area of contiguous @oglunder the same
management)For these groupsimilarand contrastingspillover responses and landscape
distribution patternsare identified and discussed wittelevanceto land-usechange in small
scale landscape3 heobjectivesof this studywerethree:

1. Todeterminehow the spillover odifferent groupsof agriculturdly important insectanto
smallscalecroplandsis affectedby local farmland extensificatiofthe conversion of natural
habitat to croplandsjhrough observation of thebundanceresponseof focal taxao

increasinglistance fromnatural habitat at the fiel&edge.Forspecieggroupswith feeding and



45

nestingtraits suggesting thathey couldderive all essentialesourcesrom cropland cultural or
disperser distribution patterng/ere expectedFor groups with traitshat suggesed they
required resources within both crop and nesrop habitatsecotonedistributions were

expected

2. Todeterminethe effect oflarge-scalefarmland extensificatiotjconversion of natural
habitats to farmlandpn the abundanceof focal taxawvhilst consideringnteractions with local
farmland extensificationThe abundance ofuttural speciesvaspredicted to respond
positively (or at leasteutrally) to increasing farmland area and consolidation wiaere

abundances oécotone and disperser speciere predictedto decline.

3. To determine how croplancesource availabilitdirectly affects the abundance of focal taxa
their spilloverandtheir abundanceesponse to farmland extensificati@t local and landscape
scalesItwas expected that iggater resource availabilitge.g., floral resources for pollinators)

in croplandswould enhancespilloverfrom non-crop habitats into fields for e¢one species

3.2. Materials and methods

Insummary, voody natural habitat in the study arekiure3.1) was mapped from satellite
imagery and small and large fielffepresenting consolidation dields) were selected from
landscapes of high and low natural habitat (representingditweversion of naturahabitat into
cropland).To inestigate spilloveriie abundance of blister beetles, ground beetles and
darkling beetlegColeopteraMeloidae, Carabidae and Tenebrionidae) &gchenopteran
pollinators, predators and parasitoids wesiesesseavith increasing distance from field edge
using pitfall and pan trap3.o estimatdfield resource availabilitior flower visitors floral area
was assessed using transects stratified between diffdand-uses within fieldsand for

epigeal beetles habitat structure at the trap was measure using quadrats.

3.2.1. Studysystem

The study landscapsas located idowland (<1100 na.s.l) areas ofTaitaTaveta Countpf
south-east Kenyapproximately centered on the town dMwatate (lat-o dpnoeg > f.2y 3
The landscape vgaa mosaic of open dry woodlandidaciaspp.and Commiphoraspp.)and

rainfed, low-input, non-mechanisedmallscale farminglominated by maize intercropped

with dry beans or cowpeags agrochemical inputpesticides, herbicides and inorganic
fertilisers)were verylow to nonexistentand tillage was manual (farmersagsmattocks ora
shallowox plough) cropland hostility (to insectsjrom mechanical or chemical disturbanaas

low.

oy
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Agriculture is the dominant source of income for Kenyans employing 80% of the
national labour forc€World Bank 201Band a rising population is increasing demand for
agricultural landTaitaTaveta Countyad an annual population growth rate of 1.6% between
19992009, the total population of the county in 2009 was c. 284,000 in ¢.17,0804&% of
whom were under 20 years o{Mlational Council for Population and Development 208gh
population growth rates coupled with saturation thie farmland resource in the wetter
highlands of the Taita Hills has resulted in rapid, unplanned, conversion of dry forest to
croplands in lowland areaBry forestareain the Taita Hills and the surrounding lowlansls
estimaed to have shrunk 22% betwed®87 and 200&t an annualate ofapproximately
1.5%andthis recent deforestation hakrgelyoccurredin lowland areagMaeda et al. 2010a
Simulations based on current rates of change predict lowland areas will be almosketeiyn
denuded of dry forest by 203Maeda et al. 2010g although there was still a substantial area
remaining at the time of this study.

The dominansoil types within the study zone were rhodic ferralsols and chromic
luvisols(Batjes ad Gicheru 2004 these areclaysor sandy loams with moderate fertility, low
organic matter content and poor water retention capadijbora 2003. Rainfalpatterns in
Taita arebimodal;with a long rainy seasooccurringfrom March toJune with a shorter rainy
seasonn Octoberto Decembei(Pellikka et al. 2009Rainfall increasswith altitude with
average annual totals for the lowlan887 mm at 560n (Voi)increasing tdl132 mmin the
uplands atl768 m (Mgange{Pellikka et al. 2009Rainfall is highlyariade between years,
from 1986 to 2003he minimum annual rainfall was 200 mimthe lowlandsand the

maximum 2000 mnin the highlandgPellikka et al. 2009

3.2.2. Natural habitat mapping

The study zongvas limited tolowlandareas where dry foresind wooded grasslands
(considered here to be neagricultural areas with >20% cover of shrubs or tree=kethe
dominant natural habitatin the landscapelLandsat imagery was too coarseprovide spatial
habitatinformation ata spatialscaleappropriatefor agricultural insects, so woody habitat was
mapped manually using QGIS ZI5IS Development Team 20 &Bdfreely availablehigh
resolution(c. 2m pixel width)satellite image$rom the openlayers pluginmagery recorded
during the dry seasons @D102012was used for mapping dhis provided the greatest
contrast between woody vegetation andragultural areas. The minimum mapping unit was 25
m?and the final map was smoothed in ArcGIS 18RI 20)Lsinga PAEK algorithm with 10
m toleranceas thisgave a good visual fit to satellite imagefytotal of 525 krdiwas mapped

(Figure3.1). The primary landussof nonwooded areasvere cropland, settlementroadsand
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pasture, of these cropland wakminant(>80% of norwooded areas Fromhenceforthforest

or woody natwal habitatis referredtol & &y G dzNJF € KFoAGFGE Yy R |ff

Sisal Estate

Taita Wildlife Sanctuary o] & ; ]
& Lumo Conservancy 3 e PR 23 L Site type
(Wilderness Area) o % i$ 175 ; @ Large, high NH
% : ; @ Llarge, low NH
O Small, high NH
O Small, low NH
[ Woody natural habitat

[ study zone

Figure3.1 Study zone and sample site locatioise underlying basemap is a true colour landsat image.

Access to water is considered important for ecosystem service providing insects in arid
environments(Zachariassen et al. 1987ovei and Sunderland 1998olland 2002Martins
2004, soperennial or semperennial water features (streams and dams) were also mapped
from satellte imagery in conjunction with thiacal knowledge of residents anground

truthing.

3.2.3. Analysis of dndscapestructure, study design andgite selection

To determinethe degree ofagricultural extensification and loss of natural habitat across the
entire study areaPatch Analyst 5.(Rempel et al. 2002n ArcGIS 10.(ESRI 20)Ivas used to
determine landscape fragmentation metrigéthin a radius of 1 km from points set&b0 x 50

m fishnetgrid clipped toagricultural areasThe 20% of points ith the lowest proportion of

natural habitat within 1 km and the 20% of points with the highest were selected and buffered
to 100 m creating an area representing the extremes of landscape change. To improve
standardisation between potential field sitgmints within 1km of large commercial sisal

plantations and ranchlands, large settlements or protected areas were excluded, as were
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points above 110na.sI2 NJ 2y &f 21JSa 3ANBIFGSNIJ GKIYy ped2 AlGK
metrics were recalculated using tlsame procedure as before but for higher resolution 20 x

20 m fishnet point grid. Potential study landscapese identified from this grid by selecting

points within the upper 20% and lower 20% rangespfaportion of natural habitaand

buffering them to a distance of 20 Mo investigate the effects of increasing distance from

field edge (spillover) arable fields were mapped and the largest and smallest fields, defined as
those differing in area by approximately an order of magge or more, were selecteds

potential study sitegFigure3.2). To minimise correlations betwedroundary habitat and

landscape potential study si¢ were limited to fields with boundaries comprising at %%

more dryforest or bushlandhat extendedat least5 m from the field edgdgFigure3.3).

Study zone
I
v v
High natural habitat Low natural habitat
(®= 60% within 1 km) (®= 23% within 1 km)
¥ ' v v : v

Small field n=5 Large field n=5 Small field n=5 Large field n=5
(Go= 4543 m) (6= 36224 rh) (Go= 3280 ) (6>= 39909 rA)

Figure3.2 Study design with summary statistics for landscape and field s able3.2 for errors.

Figure3.3 Examples the natural habitat cropland boundary in study fields.

Study fields were randomly selected from potentia¢sito give five large and five small fields
in high and low natural habitat landscap&sgure3.2). Fields of the same size category were
separated ly a distance of approximately 2 km, this was assumed to give adequate spatial
independencebetween study landscapder the majority ofecosystem servicproviding
insects(SteffanDewenter 2003 Kremen et al. 2004Ninfree et al. 2008ChaplinKramer et al.
2011). Paired large and small sites were allowed within landscapes and atkimestalehe

study contained 16 independent landscapes with four pasites
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3.2.4. Sampling methods

Trapping was conducted between August 2012 to June 2013. Pan and pitfaheaps fixed
sampling pointat the edge and centre of each field, the midpoint between theseatrahy

15m intervals from the edge that were not represedby midpoint or centre. The placement
of the edge trap was randoihen the averagedistancebetween the remaining traps as
maximised Traps were only placed in cultivated areas where the nearest field boundary was
dense woody habitat.

Triplicate @n-traps (12 cm diameter and 6 cm deep aluminium bowls with sloping
sides) sampled mobile inseatiracted to floral resources, the focal taxa for this study were
bees, parasitoid Hymenoptera, predatory Hymenoptera and blister beetles (Coleoptera:
Meloidae) Pantrapping is the most efficient method of sampling bees in agricultural habitats
(Westphal et al. 2008and has also been used to study parasitic and predatory Hymenoptera
(Bowie 1999 Christie and Hochuli 2008aunders and Luck 201 Blister beetles were
includedas they are potential pests of leguminous crops and were abundant -inggemn
(Durairaj and Ganapathy 2000tieno et al. 2011l To account for different colour preferences
of hymenopteranspecies(Kirk 1984 Aguiar and Sharkov 199¥oler et al. 2005Campbell et
al. 2007 pans were painted either fluorescepellow (1005),sky blug(15) or white gloss
enamel,blue and yellow pans were protected with clear varnish. Pans were repainted each
sampling round. Patrap height was adjusted to ensure visibly was not obscured by local
vegetation. Pans were filled with water mixed with a small amourtedérgentto a depth of
2cm from the rim. Traps were set in the morning, mean (SD) 0905 hours + 31 min and
retrieved inthe afternoon of the same day, mean (SD) 1557 hours + 40 min, mean (SD) trap
exposure was 6.88 + 0.48 hours. Six rounds oftpgpping were conducted during August,
September and Novembén 2012, and in January / February, April and May /id@913.
Pan-trapping was not carriedut in strong winds or on rainy days and was repeated if the
weather changed from favourable to unfavourable conditions during in theTdasre were a
total of 104 partraps, 66 in large fields {8 traps/field) and 38 in sall fields (34 traps/field),
spilt evenly between landscapes.

Pitfall traps (500 ml plastic cups, 94 mm in diameter and 135 mm deep) sampled
epigeal beetlegEkroos et al. 20L0keda et al. 2010Gilroy et al. 2014 The focal taxa in this
study were ground beetleColeoptera: Carabidae) and darkling beetles (Coleoptera:
Tenebrionidae)and these were chosen because they were abundant in traps and had
relevance to crop production. Ground beetles are generally considered to be natural predators

of crop pestgHolland 2002and darkling beetles consume fresh or decaying vegetation with
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many species noted as significant crop péatisopp 1980Arnett and Michael 2002 Scarab
beetles (Scarabidae) and blister beetles (Meloidae) were alsliaed but had strongly over
dispersed distributions (suggesting aggregative behaviour) that could not be dealt with by
generalised model<Pitfalls were filled with water mixed with a small amount of detergent to a
volume of 300 ml. To prevent birdsavenging trap contents and overflow from rain storms,
and to reduce evaporation, pitfalls were covered with a 150 mm diameter white plastic plate
raised 2.5 cm from the soil surface. Pitfalls were initially lefiita for five days, however this
was rediced to three days in subsequent trapping rounds. Pitfall trapping conducted in August
and November in 2012, and in March and May / June in 28ft8r discounting damaged

traps, there were a total of 91 pitfall traps; in high natural habitat landscapés 28ge and

19 in small fields, and in low natural habitat landscapes 16 in large and 18 in small fields.

For both trapping methods sites were stratified into groups that could be practically
visited in a single day then the sampling order of sites wadaomised each round. Sampling
order was also randomised for the traps within sites. Collected specimens were temporarily
stored in 7699% ethanol until pinned for identification. If specimens were very small they
were stored in sealed microtubes with 9%¥hanol.

Taxonomic determinations for beetles > 04 mm in length were made to species by
M.Mutua, and to genera and species/morpipecies for bees by M.Gikungu, J.Macharia and
P.Steward, all using the reference collection at the National Museums of Kéaiyabi,

Kenya, where bee and beetle specimens were deposited. Beetle specimens <0.4mm in length
(365 / 3254 specimens, 11.2%) were not identified and are excluded from andlfges.

identity of specimen®f non-apiforme Hymenopteravasdeterminedto family for parasitoid

wasps and to genera for vespid or spheciforme wasps by R.Copeland at ICIPE, Nairobi, Kenya,
and nonapiforme hymenopteran specimens were deposited at ICIPE.

Traitswere attributed to taxa using the literate summarised if\ppendix Gand

Appendix H

3.2.5. Assessment ofesource availability
Horalresources are considered armportantindicator ofcropland(and matrix quality) for the
flower visiting insects attraed to pantraps(e.g., Carvalheiro et al. 20§ andwere estimated
within study fieldsusing transects.

To inform the location of floral transects within fields the followlagd-uses were
mapped:fallow (cropland not cultivated for at least two season), very weedy areas (cropland
not cultivated for the current season or if cultivated abandoned and-crap vegetation

dominant compared tarops) trees and shrubgs defined in Di Gregorio 2005; scattered
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trees and shrubs within another landuse were considered part of that lan@umkcroplands
(areas growing crops or recently tilled bare grour@tall-scale variation itand-usewithin
fieldsvaried between seasons amehsmapped twice afterfarmers had tilled and planted for
the growing seasarMapping was conducted usingcambination of fieldsketchescross
checked againgBPS generatetiacks and waypointsThe minimum mapping unit was 83 m,
distinct areas smaller than this were marked as points.

Floral transectsvere conductedat the same time amsect samplingTransects were
randomlylocated with the constraintthat they wereseparated by at least 1 and did not
cover more than onéand-use Transects were stratified betweeamop and noncrop habitats
(within fields) Cropland received &0 x 2 m transecplusone additional transect for every
10,000 n? of croplandarea, up to a maximum of five transectSlon-crop transects wer@0x 2
m andwere locatedn areas of fallow, recently abandoned crops/cultivation and trees or
shrubs if an areacould notaccommodate a 20 m transect then tl@gest dimension ahat
areawas usedImpenetrable habitats were surveyedthvperimeter transects extending 1m
into the habitat.Whena field contained one to fiveon-crop habitats each of these were
allocatedfloral transects Iffive to tennon-crop areas were present the two largeseaswere
allocated transects anden a further three transects were randomly allocated to the
remaining areas. If 1® 20 nortcrops areas were present the four largeseaswere
allocated transects and then a further four transects were allocated to the remaining #&eas.
total of 530 transecsurveyswere completed 242 in norcrop areas with the remainder in
cropped areas.

All flowers within transects were counted (including grasses and seddjesfers of
flowers in compound flowerheads or inflorescences were counted togethkass individual
flowers within a clustewere large (>10mm) in which case they were counted sifRjints
were photographed, described, sampled and pressed for later identification at the National
Museums of Kenya, 97.8% of flowers recorded were identified to genera and 53.2% to species.
Floral area of flowers was estimated using a combination of fieldsomeanents and reference
to regional floragKew Royal Botanic Gardens 198212 Kew Royal Botanic Gardens 1960
2013 Kew Royal Botanic Gardens 19889. Floral area of compound flowers or
inflorescences was the floral area of the floretltiplied by the mean number of open florets
per inflorescence

For each landise class within a fieliforal diversity, calculated usifgK I y y 2ayidd2 & 5
floral area(cn? of flower per n?) were estimated Floral estimates at the field level were

generated bycombiningscores for each landse class within a fieMdeightedaccordingo the
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area of each class within the fiel@he floral area oDaturastramonium (which contributed
0.16% of all flowers recordesasdown-weighted(reduced) byd0%asits flowers are closed
during in the day reducing their visible area and preventing accessdiar and pollen
resourcedy day-flying species of Hymenopteri was not completelyexcludedasflowers
may have still provided resourcesftower-robbing sgcies.Floral areafor species with wd-
pollinatedflowers(includng species in the famijoaceaeand someAmaranthusspp) were
downweighted 50%as these plants only providedsingle resourgepollen but not nectar
Wind pollinated species accota for approximately 15% of the weighted floral asaanmed
across all site<Casual observations of large numbers of honey bees foraging on ardfmrs
indicated that grass pollen could provide an important resource to bees in this context.

Eachsamplinground, floral area was also assess@s per transectsyithin a 1 n?
quadratcentred on each trapWithin the same quadraindicators ofresource availabilityor
epigeal beetlesvere also recorded, these wetbe percentage cover of vegetation, bare
ground and leaf litterLeaf litter is a potential source of cover for epigeal beetles and a
potential source of food for detritivorous beetl¢Robertson 199Bandliving vegetation
provides food for phytophagous beetles.

Forcoleoptera predatoryHymenopteraand parasitoid Mmenopterathe measures of
resource availabilitare proxies for resource availabiliprey andhost densitiesfor example,
would better predictresource availabilityalthoughto assesshis would requireresources

beyond the means available to this thésis

3.2.6. Weather
Hourly temperature records werestimated using data from naturally aspiratézpen to the
the air)DS19213hermochron iButtos (Maxim Integrated, San Jose, Califorfigmperature
was separately averaged for the four eastern sitégyre3.1) and all others sitgas the
former were approximately 2080 f 2 6 SNJ Ay St S @l Tihérr@oghrohsywBre H ¢ /
shadedby a 12 x 12 crlyboardand positioned 1%&m from the groundn the centre of each
field. Day time temperatures were derived from the period 07DO, corresponding to the
hours of partrapping.

Rainfall wa®stimatedusingsimplerain-gauges,consisting of a 23.2 coliameter
funnel andan 81 collecting bucket dug into the centre of each figRdcords from the
' YAGSNRAAGE 2F | StaAy1AQa 6SIGKSNI allwlenzy
available Recent rainfall was considered to have a larger effect ondasgh than the annual
estimate for a site hence rainfall as a predictor in models wastinemed rainfall for a site for

the 3 week windows prior to and including sampling dates

gl

o,
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Site overage for both temperature and rainfall was variable due to edpd theft or
damage, where data was missing it was substituted from the nearest spatial neighbour.
Temperature and rainfallalueswere scaledvalues divided by the meaahd centred

(mean subtracted from valuebgfore use in analysis.

3.2.7. Statistical analyses
GLMMs igimmadmbversion 0.8.4Skaug et al. 2034nd R version 3.1 &R Development
Core Team 20Jd4vere used to asess the abundanaesponseof specieggroups (as measured
by summed tragcatch for all sampling roundg) spillover(distance from edge of fiejdloss
and fragmentation of natural habitaand croplandresource availabilityTable3.1 details all
predictors used in analyses and the subset of GLMM models they were includamnria.
predictors were correlated (discussed subsgently) and, as such, weseibsetin models
according tahose for which there was aapriori reason to expect the greatesifluenceon
the abundance response of focal taxa. To assess the importaqredi€tors that were not
included inthe globalmodel, and to validate the choice of those that were chosen, ordination
was usedPredictors were transformed usingiRcipalComponentsAnalysis (PCAjotation =
varimax) into four ordinatiomxesd | f 6 €& SELX FAYyAYy3 x Tp: 2T O
Henceforthii KS&a$S Y2RSfta INBE NBEFTSNNBR G2 a at/!é Y
correlationbetween landscapes arfdr trapswithin sitesall models ontained a fixeeslope
random term for sites nested within landscape.
All combinations ofandscapeametric (edge density or proportion of natural habitat
for definitionsseeTable3.1) andthe spatialscales at whichthey were calculatedbuffers of
field boundary scaled at 50 m, 100 m, 200 m and then at 200 m intervals until 2000 m) were
testedin the globalmodels. The nesting of sites witHandscapes was adjusted for the spatial
scale of landscape analysite metric and scalenfit gave the most predictivglobalmodel
(lowestAlQ was selected for backwards stepwise model simplificatibodel selection was
o0FasSR 2y 1 1FA1SQa LYTFT2NX¥IF{GA2Y [/ NRGSNAZ2Y 6! L/
number of parametergBurnham and Anderson 20p2Model predictions were evaluated
using the functionglmer or glmer.nb from thelme4 library (Bates et al. 2014
Predictionswvere comparedo observed data and the match was poor, in particular for
interactions, alternative model structures and further model simplification were investigated.
Models were further evaluated by plotting residuals vs. fitted values, residuals vs. predictor
variables,squareroot-transformed fitted values's.squareroot-transformed observed values,
Pearson residualgs.squareroot-transformed fitted values, raw residuals (obserwexfitted

values)vs.squareroot-transformed fitted values, and by normal Qts of residuals.
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R values are not directly provided for mixed modedsd, the methods developed by
Nakagawa and Schielze&f2013 for obtaining marginal and conditionBffrom mixedmodels
havenot been implemented for negative binomial error distributions. Therefore the predictive
power of the mixed models was assedsesing a pseud® value (in the following simply
referred to asR?) and calculated as thi&? from a regression between predicted and observed
values(Gabriel et al. 2010 The sensitivity o for each model variable was then estimated by
n wlost from the regressions between model predictions and observed values when the
coefficients of each model variable (main effect and interaction) werecseeto whereas the
other coefficients remained constafGabriel et al. 2000Where the predictions of interacting
terms in regression models are presented, one term was varied across the range of
corresponding observed values whilst théher terms were fixed at high, moderate and low
values derivedrom observed valuegupper third, middle third and bottom third of values)
Where observed values are plottegjainstpredictionsdata was binned accona to the same
predictor quantiles as per the predictive plot. These datapoints can take any value within a
jdzl yGAf SQa NI'y3ISo tf2da 2F 20aSNWSR QI f dzSa

intended to demonstrag general patterns in the data.

Table3.1 Predictors used in GLMM analyses

Pan traps Pitfall Traps
Predictor Unit / description - -
Main PCA Main PCA
models models models models
Day temperaturd” a Sy (S YLISNI (i dzZNB -1808hbuss Y Y
Distance to edge Distance from trap to edge of field (m) Y Y Y Y
Distance to water ~ Distance from trap to water source (km) Y Y Y Y
. Edge density of natural habitat within a spedifie
*

Edge density distance of fieldedge (m / 100 Y Y Y Y
Fallow? % of field fallow Y Y Y
Field floral area cn? flower area / n# field area Y Y Y
Field floral diversity Shannon's D Y
Leaf littef % cover of leaf litter in 1 fquadrat centred on trag Y

0 . - - .
Natural habitat A) of natural habitat within a specified distance of v v v v

field-edge
Rainfall Summed rainfall for 3 week windows prior to and v v

including sample date (cm)
Trap floral area cm? flower area / n# field area Y

0 L
Vegetation cover % coveof vegetation in 1 rhquadrat centred on v

trap

* Included whenedge densitygave aglobal model with lower AIC than tlggobalmodelusing natural habitatno global
models includedoth these terms.
“Centered before including in analyse#\veraged across sampling rounéligwveraged across two growing seasons.
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To give a descriptive summary of the data bootstrapping was used to estimate dependent and
predictor means and 95% Gtesampling with 10000 replicates) between factorial

combinations of small and large fields in low and high natural habitat landscapes. To give equal
effort between factors only edge, midpoint and central traps were used to generate

dependent estimatesBootstrapping estimates do not take into account randeffectsor
covariategsuch asithin-field resource availabilijyand cannot directly be compared to

regression results.

Modelling potential flower visitor! response to local and landscape change
Models assessettie dependent variables aibundanceof Hymenoptera, bees excluding
stingless bees, stingless bees (species in the Tribe Meliponini), predatory Hymenoptera,
parasitoid Hymenotera and blister beetle abundance. Error distributions for models were
negative binomial witlvariance equal t6 p * Q. Goobalmodels contained fixed terms for
QQi 60 GOERMAW OGE Qi OO 0 @& GO MIQQI 0 @ DWMIMQ
dOE Qi 0dRGOQOGNE © it fahd a fixeeslope random term for sites nested
within landscape (if landscape was considered at a scale where there was significant overlap).
Field floral aea, field floral diversity and trap floral area were significantly elated fange of
r values=0.23to 0.51,largestp-value =0.021) andbf these field florahreawas retained in
the starting model as it was considered the most biologically relevant to cropéesadirce
availabilityfor flower visitors Field floral area was also significantly correlated with fallow land
within fields (r=0.51, p0.01) and sdhe latter was excluded from the starting model.

The ordination axes used gtobal PCA modskvere derived fronthe predictors
distance to water, landscape, fallow, rainfall, trap floral area, field floral area fivetd
diversity and mean day temperaturBistance from edge wasot strongly correlated with any
other predictor hence was excluded from the PCA transformation. Global PCA models included
three-way interactions between the PCA axis onto which langiséeaded most strongly,
distance to edge and the remaining three PCA axes representing correlated aspects of
resource availabilityfallow land and floral resources), distance to water and climate (rainfall

and daytime temperature).

! Here,potential flower visitors areonsidered to bédymenoptera and blter beetles caught in pan
traps.
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Modelling epigeal beetle response to local and landscape change

Individual models assessed the dependent variables of ground beetle (Caradndagarkling
beetle (Tenebrionidae) abundance, models had a negative binomial error distribwiitins
varianceequal to* p ‘ TQ.

Due to livestock damagmissing data was an issue for df2104 traps, eleven of which
were in large fields and eight of which were from low natural habitat landscapes. Sensitivity of
analyses to the missing data was investiglldy comparing models where traps with missing
data were coded with a random effect against models run with missing traps excluded and the
results compared. In all cases there was good correspondence between models, and the
results of the models excludintaps with missing data angresented.

Pitfalltrap predictors differ to those used in pan trap models as ground level resource
availability was considered to be iblogical significareto croplandresource availabilitjor
beetles. Fallow was strongly correlated with field floral area (r=0.52).01) therefore the
latter was dropped from starting globalodels. Leaf litter and vegetation cover were also
correlated (r=0.33, p<0.01) and the latter wadropped fromstarting globamodels.

Globalmodek contained fixed terms folandscapex distance to waterdistance to
edgex landscapex fallow andlandscapex leaf litter x fallow. Global PCA model ordinations
contained the predictors distance to water, landscapdipfv, rainfall, leaf litter, vegetation
cover, day temperature and floral are&gain, distance from edge was not strongly correlated
with any other predictor hence was excluded from the PCA transformation. Models were

structured as per the flowevisitor models.

3.3.  Results

3.3.1. Descriptives

A total of 165™Hymenopteravere caught in pattraps, of these 25.8% were stingless bees,
29.8% were other beed,6.2% were predatory and ZB%6 were parasitoids. Stingless bees
were dominated by the genudypotrigona(89.0%) and of the other beesMacrogalea
candidawasthe most abundantaxon (46.9%) followed bgpecies in the genusasioglossum
(17.4%) Sand wasper digger waspgossorialCrabronidae) accounted f&1.7% of predatory
species, of thesd8.8% were inlie genusTachysphexSpecies in the superfamily &midea
contributed a further 38.% of predators, these wertgpicallyspider wasps (Pompilidae
49.5%)or potter wasps (Vespidae: Eumenin&8,8%).Paasitoids were represented by 28
families in 12 supeamilies Chalcid wasps were most fregutly caught (Chalcidoidea, 3043,
followed byscelionid wasps (Scelionidd@atygastroideal9.3%6) then bethylid wasp
(BethylidaeChrysidoidea, 14%). Blister beetlem the tribe Mylabrinwere strongly attracted
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to pantraps asdemonstrated bya total catch of 2033 individual€oryna arussinavas the
most frequently trapped species (52.7%) followed l§yesoctis sp(18.8%) therMylabris
praestang16.0%).

Pit-fall traps caught a total df142 darkling beetles and 174 ground beetlBgrkling
beetle catch was dominated Bimeliinag(77.9%), in particuldRhytinota graviduld41.2%)
andZophosis anquisticostis/colla(i32.8%), withGonocephalum simplégXenebrioninaealso
common (20.86). Detailed summaries of trap catches are providefbpendix C

Bootstrapped meanef summed catch per trap (referred to abundance from hereon)
for factors d landscape vs. field sizhowed high varianc@&ootstrappedvaluesare intended
to describe the data and highlight differences between sitgth subsequent regression
modelsquantifying trends and relationshipBlower visitor 95% confidence intervals
overlapped between all factors and species groufigure3.4).

25
20

15

10

Abundance/trap

All Hymenoptera Meloidea (Coleoptera) Parasitic Hymenoptera

Abundance/trap

Bees excluding Meliponini Meliponini (stingless bees) Predatory Hymenoptera

FacTors [ au [l High NH, targe fieta [27] High NH, sma fiet [JJff Low NH, targe fietd [ L] Low NH, small fiela

Figure3.4 Flower visitor abundance bootstrapped med®,000 replicates) with error s for 95%
confidence intervalérom pan trapping. Abundance per trap was derived from the summed catch of six
trapping rounds, using only edge, midpoint arettre traps.

Small fields in highatural habitat landscapes had significantly lower abundar{®&%6
confidence intervals from bootstrapping did not overl&gure3.5) for darkling and scarab
beetles comparedo all other factorsandfor groundbeetlescompared to large. Blister
beetles were significantlgnd substantially (approximately 4.5 timespre @mmon in large

fields in high natural habitat landscape
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Potential sources of variander the bootstrappedabundancs of focal taxa between
study factorgTable3.2) were dstance to water (mean.B km for large fields in low natural
habitat landscapes and approximately 2.9 km for other }it@opottion of field fallow
(approximately 20% in large fields and 40% in small fieMkraged over two growp
seasons), field floralraa (mean for small fieldsas approximately 5 cid m? compared to
2.54 5 cnt/ m?in other sites)and,for pantrapping only, recent rainfall (on average 2&
cm in small fields in low natural habitat landscapes and Ifedgs in high natural habitat
landscapes, and 3:4.6 cm in other sites)Thesevariableswere considered as predictors in
regression models.

The correlatiorwithin landscape metricbetweenthe smallest and largest spatial
scales otalculation(50 m, 2@0 m)were r = 0.25 (p 0.012 for edge density and r = 0.514
< 0.0001) for percentage of natural habitat. Correlations between edge density and natural
habitat at the spatial scales of 50 m, 1000m and 2000 m we$el NA 2-0/68,20.9MNandF
0.94 espectively (all p < 0.0000jherefore in regression models although the most predictive
metric at the most predictivespatial scale was used definethe landscapendependent
variable for the abundance responseaoparticulartaxa there wa still likdy to be an
abundance response tather landscapemetricsand spatialscale

8 25

20

[=2]

Abundance / Trap
-y

alal e

Carabidae Chrysomelidae Curculionidae Scarabidae Unidentified Meloidae Tenebrionidae

08

Brentidae Buprestidae Elateridae Histeridae Mordellidae

Abundance / Trap

Coleopteran Family

racTors [ Al [l High NH, large field [ 4] High NH, small field [Jf] Low NH, Iarge field || Low NH, small field

Figure3.5 Epigeal beetle abundancebtstrapped mean§10,000 replicates) with error bars for 95%
confidence intervalsAbundance per trap waderived from the summed catch fafur trapping rounds,
using only edge, midpoint and centre traps.




Table3.2 Summary statistics fdocal, landscape and clatic predictorsof 20 sites surveyed during the period August 2@12ne 2013.

Agricultural context

Low natural Low natural High natural High natural
Predictor Sampling method  All sites(n=20) habitat, large habitat, small habitat, large habitat, small
fields(n=5) fields(n=5) fields(n=5) fields(n=5)
Mean SE Mean SE Mean SE Mean SE Mean SE

518 GSYLISNY GdzNB 66/ Pit 28.9 0.16 285 026 286 018 292 0.38 29.4 0.15
5108 GSYLISNT G dzNBE 66/ Pan 29.3 0.29 285 011 290 056 308 0.55 28.7 0.15
Distance to water (kn) Pan & Pit 25 0.41 1.3 0.78 3.0 0.91 2.9 0.75 2.9 0.87
Edge densityvithin 1000m (m/ 100m?) Pan & Pit 4.0 0.43 24 024 2.2 0.37 5.2 0.37 6.20 0.37
Fallow (%)™ Pit 29.1 4.56 222 5.46 43.8 8.61 17.3 2.27 335 11.19
Fallow(%) ™ Pan 29.6 4.63 17.3 2.30 44.3 8.77 22.2 5.53 33.3 11.24
Field area (1) Pan & Pit 20890 1233 39909 6308 3281 180 36224 4108 4545 324
Field floral area (cfl m2)** Pit 3.6 0.45 24 040 55 1.30 3.1 0.48 3.7 0.36
Field floral area (cfd m2)*“ Pan 3.7 0.41 28 0.32 5.0 0.94 3.0 0.75 4.2 0.54
Floral diversityo { KI yy 2y Qa 51 Pan 0.9 0.06 0.8 0.09 1.0 0.15 0.8 0.11 0.9 0.10
Leaf litter (96)™ Pit 13.6 0.53 141 097 137 048 132 1.28 13.6 1.11
Natural habitat within 100@n (%) Pan & Pit 41.3 4.50 21.3 1.00 241 4.20 62.3 2.00 57.2 5.10
bAIKG G§SYLISNI GdzNB ¢ Pit 19.8 0.11 19.6 0.13 19.6 0.13 19.8 0.19 20.2 0.28
Rainfall (cnm) Pit 4.0 0.21 46 0.48 4.2 0.31 3.7 0.39 3.7 0.28
Rainfall (cnm) Pan 3.4 0.24 3.7 0.28 2.6 0.40 2.7 0.31 4.6 0.20
Vegetation cover (% Pit 43.1 1.63 42.8 2.86 41.9 2.95 42.2 3.26 454 3.32
Vegetation cover (%} Pan 40.7 1.42 426 2.05 37.6 2.66 39.4 2.83 43.1 2.60

* Mean and standard error estimated by bootstrapping (replicates = 10,b@3lculated from traps within sites rather than at site Igtefal n = 104, see Methods for n per contextjlso
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3.3.2. Regression radels distance from field edgex landscape xesource

availability

Unless stated otherwise discussion of models refers to untransfommachum adequate

models MAMs, Table3.3). Where estimates of abundance are given at high or low values of
predictors these correspond to the predictor quantiles used to make predictive graphs and not
the minimum or maximum of obseed valuesWhere confidence intervalsGlg are presented
these include error from fixed and random terms.

Table3.3 Summaries of GLMNMinimum adequatenodels with untransformed predictor variablgs %
= Share im #relative toR of fixed effects Rre= model R fixed effect Rre+remodel R fixed effect +
random effect Floral Area = field floral aredH= proportion of natural habitat, ED = edge density,
numbers following NH or ED refer to theasial scaldor calculationIf predictors were included in a
significant interaction then only the interaction is present&geTable3.1 for descrigions of predictors.
Note, as error distributions were negative binomialPoissona log link was used models

Flower visitors (pan trapping)

Model Terms Coefficient Std. Error p Predictor nw

Distance -0.0066 0.0022  0.0026 Distance 53.7

(Floral Are&) 0.0974 0.0275 0.0004 Floral Area 38.4

(Floral Are&) -0.0130 0.0037 0.0005 NH1000 10.7
All Hymenoptera

NH1000 -0.1023 0.0186 <0.0001

(NH10009 0.0011 0.0002  0.0026

Rre 0.39;Rere+r0.49;AIC = 613.12

Distance -0.0107 0.0050 0.034 Distance NA
PredatoryHymenoptera

Rere 0.00; Reee+re0.20;AIC = 327.8

ED1200 * Dist Water -0.1134 0.0227 <0.0001 ED1200 19.6

ED1200 * Distance * Floral Area 0.0034 0.0009 0.0002 DistWater 37.7
Blister beetles (DistWatery -0.6822 0.1918  0.0004 Distance 15.9

(DistWaterf 0.0797 0.0259 0.0021 Floral Area 28.8

Rrg 0.60;Rere+r0.69;AIC = 638.3

NH50 * Distance * Dist Water -0.0007 3E04 0.0122 NH50 30.2

Distance * Floral Area -0.0122 0.0044 0.0061 Distance 8.90
Stingless bees (Dist Waterj -2.4922 0.4986 <0.0001 DistWater 30.6

(Dist Waterj 0.3186 0.0680 <0.0001 Floral Area 30.3

Rrg 0.40;Rere+re0.60;AIC = 393.0

ED50 * Eloral Area -0.1251 0.0548 0.022 ED50 51.0
Bees (less stingless bees) (Floral Ared) -0.0761 0.0450 0.091 Floral Area 49.0

Rrg 0.11;Rre+re0.55;AIC = 446.7

NH100 -0.0195 0.0041 <0.0001 NH100 NA

Parasitoid Hymenopteta
Rrg 0.20;Rere+re0.20;AIC = 409.4

EpigealColeoptera(pitfall trapping)

Model Predictors: Coefficient Std. Error p Predictor nw
NH200 * Dist Water 0.019 0.005 0.0001 NH200 47.5

Darkling beetles Dist Water  52.5
Rrg 0.49;Rere+r0.68;AIC = 565.9

Ground beetle's NH2000 -0.2101 0.4997 0.031 Dist Water 49.4
Dist Water 0.1901 0.0777 0.018 NH2000 50.6

Rre 0.10;Rre+re0.10;AIC = 266.1
“Random effects had a negligible influence on model fit and had very low variance components.




Table3.4 GLMM summaries faminimum adequatenodels with PCA transformed predictor variables
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DW = distance to water, T = temperature, F sf%teld fallow, FA = field floral are& = rainfl, FV =
field floral area, field floral diversity and trdioral areg L = leaf litter and/ = vegetation covePCA

predictors are presented in order of loading strength doudd text indicatest 2 I RA ¢.62 NDBK x
Distance was not transformed, but was scaled to units ofrh0D predictors were included in a

significant interaction then only the interactids presentedFor details of other table codes s&able

3.3. Note as error distributions were negative binomialRwissona log link was used models.

Flower visitors (pan trapping)

Model Terms Coefficient Std. Error p Predictor nw
Distance -0.7009 0.223 0.0017 Distance 135
Al (NH100GR/T} 0.1315  0.0639  0.0397 (FFA 9.5
(DW/-T) 0.2521 0.0709 0.0004 (NH100QR/T) 31.7
Hymenoptera
(FHFA? -0.0823 0.0386 0.033 (DW-T) 45.3
Rere 0.31;Ree+re0.47;AIC = 620.7
Predatory Distance -1.0650 0.5030 0.034 Distance NA
Hymenoptera  Reg 0.00; Rere+ri0.20;AIC = 327.8
(ED1209* Distance * K FA 0.7936  0.36749 0.0308 (ED1200 14.9
(DW-T) -0.2224 0.0839 0.008 (DW-T) 45.1
Blister beetles  (FVR) 0.7157 0.0984 <0.0001 (FVR 10.9
(FFA 16.9
Rerg 0.50;Rere+ri0.68;AIC = 643.3 Distance 12.1
(NH50-TF) * Distance *R/FV) -1.834 6E01 0.0032 (NH50-TF) 10.9
Distance * {T/DW) 2.274 0.9100 0.0125 Distance 31.6
Stingless bees (T/-DW) 40.5
(RIFV) 17.0
Rere 0.25;Re+re0.71;AIC = 392.7
(-ED50FVR) * Distance *F/ FA -2.0948 0.7981  0.0087 (-ED50FVR) 16.2
Bees (less (DW/-T)? 1.0732 0.7405 0.1472 Distance 7.4
stingless bees) (DW/-T) 0.0331 0.1052 0.0016 (FFA 14.3
Rerg 0.34;Rre+ri 0.56;AIC = 442.1 (DW/-T) 62.1
(NH100Q * Distance -0.9665 0.3141 0.0021 (NH10Q 45.0
(FVR) * Distance 0.8587 0.3265 0.0085 Distance 214
Parasitoid (HFA -0.2378 0.0866 0.006 (HFA 144
Hymenopterd (FVRy? -0.2744 0.0813 0.0007 (FVIR 19.2
(NH100Q? 0.2302 0.0673 0.0006
R 0.33;Rere+ri0.33;AIC = 399.6
EpigealColeoptera(pitfall trapping)
Model Predictors: Coefficient Std. Error p Predictor nw
Darkling (NH20GR/T) * DW/-T) 0.561 0.189 0.003 (NH200R/R) 38.2
beetles Rere 0.69;Rre+r0.22;AIC = 570.9 (DW/-T) 61.8
(-DW/T/NH2000) -0.4428 0.1513 0.0034 (-DWT/NH2000) 32.8
Ground (FAP -0.5334 0.1751 0.0023 (FAP 67.2
beetlest (FA/R? 0.2521 0.0904 0.0053

Rrg 0.20; Rere+r0.21;AIC = 263.9

“Random effects had a negligible influence on model fit and had very low variance components.

3.3.3. Flower visitor(pan trapping)models

All Hymenoptera

Hymenoptera abundance showed a nlimear response to landscape chan@égure3.6),

whichwasbestpredicted as the peentageof natural habitat within 1000 nfTable3.3).

Predicted abundances welewestwhen natural habitat waat intermediate valuesdeclining

by 50% or more at intermediate valugsonverselyor resource availabilityintermediate

levels of floral resourcevere predicted to approximately doubleéymenopteraabundance

NEB F ¢
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compared to very low or high levels, again in a4inaar relationshipRegarding spillover,

Hymenopteraabundance significantly declined (p=0.008th increasing distance from field

edge andh Wsuggested distance was the most important predictor in¥h&M (Table3.3).

Hymenoptera abundance

Hymenoptera abundance
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Figure3.6 GLMM predictedand observedralues ofHymemnoptera abndance(individuals trap) when
varying landscape, distance from field edge agsburceavailability(field floral area)When only fixee
terms were included in the mod&® was 0.39 compared to 0.49 for the full model and there was good
correspondence in model structure between untransformed and PCA motside3.4), the former
being most predictiveForfurther model details sed@able3.3. With natural habitat and floral area at

intermediate values, predictions sgested a decline inlymenopteraabundancdrom 8.22
individualstrap™ (95% Cls 5.3 11.08)at the field edgeo individuals4.84trap™ (95% Cls
1.40to 7.15)100 m into a fieldhowever therevassubstantial uncertainty for this estimate.
Although the data suggest that there sastrong local effect of edge this systenit is likely

that decay in abundancill attenuatebeyond the range of distances available in the study
zone(e.g., Ricketts et al. 20Q&trapolation of distance beyond the range of observed values
would give zerddymenopteraat a distancef 1km fromfield-edgewhich is obviously
unrealisticfor cultural species (but is realistic for small gxe species such a$ypotrigona

stingless bees)

Stingless bees (Family: Apidae, Tribe: Meliponini)
Mean (SE) stingless bee abundance was 2.60 + th@R&dualstrap™ and was best predicted
usingthe percentageof natural habitat within 50 nof a fie as the landscape metric within
models. TheMAM retained an interaction between landscape, distance to fedge and
distance to water (p=0.012), and a twavay and interaction between distance to fiedgdige
and floral area, it also includetbn-linear terms for distance to wateil &ble3.3).
Predicted Values Observed Values
A) Natural habitat low  B) Natural habitat high A) Natural habitat low B) Natural habitat high
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Figure3.7 GLMM predictecand observedralues ofstingless bee amdance(individuals trap) when

varying distance to fielédgefor high and low values of distance to water and landscape (percentage of
natural habitat within 50m)Fixed termsonly gave aR of 0.40 which increased to 0.60 when random
effects were included and there was fair correspondence in model structure between untransformed
and PCA model§ éble3.4). For further model details se€able3.3

Regarding spillover, predicted stingless bee abundance was higher at the edge of fedds clo

to water (Figure3.7), 7.058.01individualstrap™ (95% Cls 3.97 to 11.21), compared to those

far from waterwith 0.89-0.94individualstrap™ (95% Cls2.19 to 3.99). Distance only had a

strong effect on stingless bee abundance when the landscape contained relatively little natural
habitat and the field was near water, predicted abundance falling from indigidualstrap™

(95% CIS 3.97 to 11Bt) at the field edge to 0.4&dividualstrap™ (95% Cls3.08 to 3.97).

Predicted Values
A) Floral area low B) Floral area moderate C) Floral area high
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Figure3.8 GLMM predictedand observedralues ofstingless bee amdance(individuals traph) when
varying distance to fielédgefor high, moderate and low values msource availabilityfield floral
area). Fofurther model details sedable3.3 andFigure3.7.

Regarding landscape, predictions suggested stiagless bee abundances were
similar when local natural habitatas low and that increasing the percentage of natural
habitat only had positive effect on abundance when distance to water wasHmure3.9).
Whennear to water and to the field boundary, increasing local natural habitat within 50 m
from 40% to 80% increased predicted stingless bee abundance fronmdidigiuals trap

(95% Cls 1.36 to 7.56) to 8.B@ividuals trap (95% Cls 5.11 to 11.49). Thimoged to 0.41
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individuals trapt (95% Cls2.85 to 3.67) and 9.1#mdividuals trap (95% Cls 5.53 to 12.76)
further from the field boundary.

The interaction ofresource availabilityfloral area) and spillover (distance to field
edge) Figure3.8) suggested that when floral aréathe fieldwas low stingless bees were
more abundant further from the field edge and the opposite of this was true when floral area
was high but with a fasr rate of change.

n ¥walues suggested that landscape (30.2), distance to water (30.6) and floral area
(30.3) had a similar strength of effect on model predictions with distance to edge (8.9) being of

less importanceTable3.2).

Predicted Values Observed Values
A) Distance water low B) Distance water high A) Distance water low B) Distance water high
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Figure3.9 GLMM predictecand observedialues ofstingless bee almdance(individuals traph) when
varying landscapéoroportion of natural habitat within 50m) for high and low values of distance to
water and distance to fielédge. For model details sdable3.3. For further model details se€able3.3
andFigure3.7.

Bees (excluding stingless bees)

Mean (SE) nostingless bee abundance was 2.98 + 0.2@8Bvidualstrapand was best
explained by landscapeeasuredas the edge density (fragmentation) mditural habitat within
50m (Table3.3). Resource availabilitgnd landscape had a significant interactior=(@.022),
the predicted eféct of edge densitpn abundancevas weakly positive or neutral whéioral

area was lovwor moderate, and negative whdtoral areawas high [Figure3.8). Abundance fell



66

from 5.74individualstrap? (95% Cls 2.55 to 8.39), when floral area was low, toihdigiduals
trap™ (95% Cls 0.53 to 4.5Bigure3.10). Increasing floral area had a positive effect on
abundance which weakened with increasing local fragmentatiagu¢e3.11), when
fragmentation was low the predicted effect of increasing floral area from low to high on
abundance was an increase from 2id@ividualstrap™ (95% CI190.47 to 5.29) to 3.91
individualstrap™ (95% Cls 1.03 to 6.80).

Predicted Values

A) Floral area low B) Floral area moderate C) Floral area high
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Figure3.10 GLMM predictechnd observedralues ofhon-stinglessee alundance(individuals trap)
when varying landscapfer high moderate or low values of fielfioral area.Uncertainty around
parameter estimates was relatively high and the untransformed model had a modest fixed &fetts
0.11,Rincreased to 0.55 when including randeeffects suggesting site and landscape explained a
significant amount variance within the dataorfurther model details sed@able3.3.

There was reasonable correspondermween the untranggrmed andPCAMAMS, however
the latter was more predictive (fixed effed® = 0.34) and complex suggesting a Aimear
effect of distance to water and a thregay interaction of distare, landscape ancesource
availability n ¥walues suggested that the PCA axis for proximity to water and temperature

(n %= 62.1%) was largely responsible for improving PCA model performance.
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Predicted Values
A) Edge density (50m) low B) Edge density (50m) moderate C) Edge density (50m) high
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Figure3.11 GLMM predictechnd observedralues ofbee ahundance(less stingless bees) when varying
resource availabilityfield floral area) for highmoderate or low values of landscape fragmentation
(edge density within 50m). Féurther model details sedable3.3 and Figure3.10.

Predatory Hymenoptra

Mean (SEpredatory Hymenopteraabundance wag.31 + 0.14ndividualstrap™® and best
model predictions werdrom landscapeneasuredas edge densitgf natural habitat
(fragmentation) at a spatial scale ofdDOm (Table3.3). Only distance to edge was retained in
the untransformed and PQMAMSs. Increasing distance had a negative effect on abundance
(Figure3.12) falling from 1.45individualstrap® (Cls-1.57 to 4.48) at the field edge to 0.51
individualstrap™ (95% Cls2.62 to 3.64) at a distance of 100Mthough the direction of the
effect of distance ombundance was statistically significant (p=0.034) there is considerable
uncertainty for the strength of the effect as demonstrated by predictiffigure3.12 right
panel).As with the effect of distance asverallHymenopteraabundancehe predicted decay
of predatory Hymenopterabundance is likely to give biologically unrealistic outcomes if

extrapolaked far beyond observed values.
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Predicted Values Observed Values
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Figure3.12 GLMM predictechnd observedralues ofpredatory Hymenoptera aimdance(individuals
trap) with distance from field edgelhe large uncertainty for predictions was likely due to variance in
the response of abundance to distance between sites. Witlamaihdom-effect for site nested within
landscape moddR dropped from 20.0 to 0.0The effect of distance on abundance varleztween sites
with 15/20 sites showing a decline and 5/20 sishowingan increase, thigariability in response
between sites helps explain the importance of random terms in the predatory Hymenoptera rkodel.
model details sedable3.3.

ParasitoidHymenoptera

Mean (SE) parasitoidymenopteraabundance was 2.79 + 0.28#tlividualstrap™ and best

model predictions werdrom landscapemeasuredas theproportion of natural habitatwithin

100 m of a fieldTable3.3). Only landscape was retained in tNeAM which predicted a drop

in abundance from 5.1dividualstrap™ (95% CIS 2.26 to 7.94) at 20% to drsBviduals

trap™ (95% CISL.26 to 4.43) at 80%atural habitat within 100n{Figure3.13). Fixed terms in

the model gave & of 0.20 and theravaspoor correspondence in model structure between
untransformed and PCIMAMs (Table3.4), the latter being more complex and predictivihe
PCAVIAM had anR of 0.33 and parasitoid abundance still had a strong negative response to
landscape and landscape had more thauble then ¥walue (45.3) of any other predictor. In
addition to landscapéwo PCA axes relating tesource availabilitand untransformed

distance to field edge were retained in the PR@AM and there were also two-@ay

interactions betweenesource availabilityr landscape and distance to field edgependix E
Predicted parasitoid almdance response was neutral or modestly positive to initial increases
in resource availabilitythe PCA axis onto which loaded field and trap floral area, floral
diversity, rainfall and falloywvith fallow loading negatively), but becamegative 4 higher
values The pedictedspillover responsgvas an increase in abundance wijfeaterdistance

from field edge when local natural habitat (within 200m) was low amtcreasevhen high,
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and was an@dbundancehighestoverallwhen natural habitat was low.

Predicted Values Observed Values
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Figure3.13 GLMM predictechnd observedralues ofparasitoidHymenopteraabundancewith landscape
change(percentage of natural habitat within 100m). Randoneeffvariance was negligible in this
model.Fixed terms in the model gaveR&of 0.20 and there was poor correspondence in model
structure between untransformed and PCA moddlal{le3.4). Forfurther model details sedable3.3.

Blister beetles (Order: Coleoptera, FamiMeloidae)

Mean (SE) blister beetle abundance w240+ 0.928individualstrap* and best model
predictions were givefrom landscapaneasuredasedge densityfragmentation)of natural
habitat (Table3.1) within 1200m of fields(Table3.3).

Model selection retained the threway interation between landscape, distance to
field edge and floral area and a tweay interaction between landscape and distance to water.
The response of abundance to distance to water waslirear.

Regarding spillover and landscape, predictions suggestegyative response of blister
beetle abundance with increasing distance from field edge when fragmentation of natural
habitat was low which became neutral when fragmentation was high and floral area low, and
positive when both fragmentation and floratesa were low Figure3.14). Predictions also
suggested that increasing fragmentation, when floral area was low, had a strong negative
effect on blistetbeetle abundance when distance to edge was low. At an edge density of 1 m
100m2 predicted abundance was 19.@07iviudualstrap® (95% Cls 16.19 to 21.96) falling to
11.12individualstrap™ (95% Cls 8.20 to 14.04) when edge density was increasechtb0D m®
2 but the effect was much weaker when distance to edge was hidfigure3.15). When floral
area was high the predicted response to incregdiagmentation was strongly positive further

from the field edge (but unrealistically so) and only weakly positive closer to the field edge.
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Predicted Values Observed Values
A) Floral area low B) Floral area high A) Floral area low B) Floral area high
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Figure3.14 GLMM Predictedind observedvalues oblister beetle abindance(individuals traph) when
varying distance to fiel@dgefor high and low values of floral area and landscape (edge density within
1200 m). For model details s@able3.3. Model R was high at 0.69 and without randetarms the

fixed terms still strongly predicted observed values witHR&of 0.60. There was good correspondence
in model structure angh #wvalues between untransformed and PCA mod&kb{e3.4).

Regardingesource availability predictions suggested that increasifigral areahad a positive
effect on abundance when fragmentation of natural habitat was high (edge density) and a
negative effect when low. The strongest effect of floral area wadipted when distance to
field edge was high and fragmentation lolidure3.16), but the strength of abundance
response of blister beetles appears exaggerated (compared to observed wahesihe
valuesof floral area and distance atmth high Figure3.15). The predicted effect of increasing
floral area from 1 to 7 cAm™ on blister abundance when distance to edge and fragmentation
were low was a decline fronB155individuals trap (95% Cls 15.11 to 22.99) to 9.99
individuals trap (95% Cls 6.51 to 13.48), if fragmentation was high this changed to an increase
with 8.43individuals trap (95% Cls 4.97 to 11.83ingto 22.72individuals trap (95% Cls
19.07 to 26.38).

n ¥walues suggested that distance to water had the largest effect size (37.7) followed
by floral area (28.8)andscape (19.6) then distance (15(Bable3.2).
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Predicted Values Observed Values
) A) Floral area low B) Floral area high A) Floral area low B) Floral area high
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Figure3.15Observed and GLMM predicted valueshtister beetle alnndance(individuals trap) when

varying landscapéedge density within 120@) for high and low values distane to field edge and

floral area The predicted effect of landscape on abundance appears exaggerated when the values of
floral area and distance were both high (predicted values were double the maximum abundance of
blister bedles observed)However the threeway interaction was retained as model predictions from

the rest of parameter space appeared biologically realistic and the interaction was highly significant (p =
0.00016) For further model details se€able3.3 and Figure3.14.
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Predicted Values Observed Values
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Figure3.16 GLMM predictecand observedralues oblister beetle abmndance(individuals trap) when
varying floral aredor high and low values of distance to field edge and landscape (edge density within
1200 m). For further model details s&able3.3 and Figure3.14.

3.3.4. BEpigeal beetle(pitfall trapping) models

Darkling beetles (Family: Tenebrionidae)

Mean (SE) darkling beetle abundance was 10.82#lindividualstrap™ and best model
predictions were given from landscap@asuredasthe percentageof natural habitatwithin
200 m(Table3.3).

Regarding landscape, at low distances to water darkling beetle abundance responded
positively to loss of natural habitaFigure3.17), predicted abundance at 75% natural habitat
was 0.91individualstrap™ (95% CIs2.38 to 4.21) rising to 17.28dividualstrap™ (95% Cls
14.04 to 20.42) at 15%. This relationship weakeaeshoderate distances and became
negative at high distancesghere predicted abundance at 75% natural habitedsindividuals
16.67 trap' (95% Cls 13.49 to 1.83) falling to 5id@ividualstrap? (95% Cls 1.99 to 8.39) at
15%. Changes in ddirig beetle species composition associated with increasing distance from
water may account for the different abundance responses to landscape. Across all sites less
than4 km from water total darkling beetle catch was dominated by three species,
Gonocephalum simplé83.6¢39.4%), Rhytinota graviduld22.6:30.6%) andophosis
anquisticostis/collari§21.825.3%). However in sites greater than 4 km from water

Gonocephalum simplexas absent an@&Rhytinota gravidulaontributed a much greater catch
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percentage (61.8%Jhis suggest&.simplexandR.gravidulehad opposite responses to local

landscape changdppendix FrigureF.1).

Predicted Values
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Figure3.17 Observed and GLMM predicted valuesiafkling beetleabundanceg(individuals trap)
when varyindandscapédproportion of natural habitat within 200nfpr high, moderate and low values
of distance to water For model details see Table 3\VBodel R was high at 0.68 dropping to 0.49

without randomterms, andn #walues suggested predictors were equally important. Correspondence of
the untransformed and €A models was good with the former being more predictive.

Ground beetles (Family: Carabidae)

Mean (SE) ground beetle abundance a3+ 0.161individualstrap™ and best model
predictions were given from landscapeeasuredasnatural habitatwithin 22000 mradius
Landscape andistance to water were the only predictor variables retained/iaMs (Table

3.3) andn #walues suggested they were equally importaRégarding landscape;ayind

beetle abundance responded negatively to increasing natural halita2 individualstrap™

(95% Cls2.04t0 5.47) & 25% natural habitatalling to0.55individualstrap™ (95% CIs3.49to

4.60) at 70%. dwever error surrounding coefficient estimates was high therefore the strength

of the effect was uncertairHgure3.18).
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Figure3.18 GLMM predictechnd observedralues ofground beetle abndance(individuals trap) with
landscape changgercentage of natural habitat within 2000nTjhe model had modest predictive
power, R=0.10, and the removal of randetarms had a negligible effedtorfurther model details see
Table3.3. Values <0 in the predicted graph are biologically meaningless and are simply present to
illustrate uncertainty in predictions.

The PCMAM (Table3.4) also contained a landscape term, lwas more complex and

predictive £ = 0.21) than the untransformed modahd includeda nontlinear term onto

which floral aea and fallow loaded. Howevére PCAVIAM was difficult to interpret due to

split loadings of predictors between PCA axes and poor correspondence to observed values

hence the model with untransformed predictasspreferred.

3.4. Discussion

This study provides one of thedi multi-taxa assessments for hosthangein landuse at local
and landscape scaledfects the distribution of agriculturally important insect groups
complex lowinput smallscale systenfsee alsdlein et al. 2002/0tieno et al. 2011
Landscapscale agricultural extensificatiqfrom henceforth refered to asimplydagricultural
extensificatiort), field enlargementindresource availabilithad significant effects on the
abundance response of focal taxa (pollinator, predator and parasitoid Hymenoptera, and
blister, darkling and ground beetlesjthin croplands, but, as expectealbhundancaesponses
to these predictorvaried between groups faheir direction, strength and interactions.
Stingless beesyhich aresmall pollinators, showed a strong negative respotastine
enlargementof field sizeand toagricultural extensificationVhereas for natural enemies,
hymenopteranpredatorsshowed a weak negative responsefield enlargemenbut no
response taagricultural extensificatiorground beetleshowed a positive response to

agricultural extensificatiobut no response tdield enlargementand hymenopteran
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parasitoidresponse taagricultural extasificationvaried withfield enlargementPest species,
darkling beetles and adult blister beetles, showed complex responsagricultural

extensificationandfield enlargementdiscussed in detail below.

3.4.1. Spilloverof agriculturally important taxa into croplands and the effect d&ield
enlargement
An overall deline in Hymenoptera abundance with increasing distance from felde
suggestedecotone or disperser species wespiling over from natural habitaginto cropland
and responding téand-use changet arelativelysmal spatial scaleHowever, thdarge
variation in theeffect of distance from field edgsuggestvariable responses between species
and it was likelfHymenopteran specieshad diversalistribution patterns Figurel.l) and/or
respondel to land-use change at different spatial scales

The dedinein cropland stingless bee abundance observed withinhi@om field
edge when distance tavater was lowjs inkeeping withwhat is currentlyjknown regarding
their ecology Stingless beeare commonlyecotone speciefBlanche et al. 20Q&hacoff and
Aizen 2006Munyuli et al. 2011Munyuli 2013 that decline in croplands with increasing
distance fromnatural habitat(Chacoff and Aizen 2006Greenleaf et al. 200 Munyuli 2013.
Hypotrigonawere thedominant stingless begenera caughandgiven treir small sizeéhey are
onlylikely to forage at distances of 3@D0 m from thér colony(estimated usingsreenleaf et
al. 2007 henceeffects of farmlandextensificationare seenat relatively small spatiascalesAs
Hypotrigonaaccounted for 41.3% of all bee individutteppedthey arelikely to be an
important flower visitor and pollinator in croplandsspecially close to wateandthe
extensificationof croplands increasing the mean distance of crop plants to natural habitat
could have substantial impacts arop pollination by stingless bedkleard 1999Chacoff and
Aizen 2006Munyuli 2012 Garibaldi et al. 201;XKiatoko et al. 2014 Provision of artificial
nesting resources fddypotrigonacould be a feasible management option for ecological
intensificationof smaliscale farmlandas these bees can be managed to produce honey and
store pollen that can be harvestthuis providing additional benefits to smadicale farmers
(Munyuli et al. 201) Clearly, further study is required to establish thechanism by which
distance to watelffectsHypotrigonastingless be@bundanceand to determine if the
provision of supplemetal nesting resources can enhance cropland stingless bee abundance
and crop pollination, especially in disturbed landscapes where local woody resources are used
for cooking fuel and constructioppendix LFigurel.8).

Non-stingless bees (primarilMacrogaleaspp) did not show a decline of abundance

with increasing distance from field edgadit is probablethat anyeffect of distance at the
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scales obseed was too weak to dete¢Ricketts et al. 200&1ue totheir larger size and
foraging rangerelative toHypotrigonastingless beefGreenleaf et al. 20QPasquet et al.
2008, and/or many species were cultural and could persist in cropla@Gigen that
Macrogaleaconstruct their nests byunnelling into soft, dead plant stenfdichener 1971
Michener 2007 Munyuli et al. 201}t is likely that theywere ecotone speciesh€& second
most commonly caught geiswasLasioglossunfAppendix OTableC1) and these aresoil
nestingspeciegMunyuli et al. 201} potentially makinghem culturalas they can nest within
croplands The constrasting responses of cultural and ecotone species could caneel one
another out suggesting another reason for a lackaofoverallresponseof non-stingless bee
abundanceo increasing distance from field edddoney bees and carpenter bees were
conspicuous ithe study area butvere poorly represented in patrap catches, these are
ecotone taxgMichener 2007 that canforage across large distanczasquet et al. 2008
Zurbuchen et al. 209@&nd, as suchare also unlikely tshow an abundance response to
distance from edge at the scalebservedin the study arealsolation from natural habitain
this smaHscalefarming landscapéid not reachevekat whichchange in the overall
abundance of larger beeduld be detectedithis is inrkeeping with other studies from East
Africa(see Chaptel.5.1) andsuggests pollination by larger bees is unlikely to be impacted by
moderate levels of landscape transformation.

PredatoryHymenopterashowed a declinin abundancewith distance fronfield edge
but perhaps for different reasons than stingless bees. The majority of preditonenoptera
caughthad traits indicative o€ulturaland/or disperser speciegnd nesting resources fahese
speciesanbe found within croplads or human habitationghe sand wasps (Crabronidae)
typically excavate nests in bare, sandy @dihart and Menke 197@&rombein and Pulawski
1986), spider wasps (Mpilidae) paralyse spiders which are concealed either in their own
burrows or are dragged tacrack, crevice, excavatéairrow or mud-nest made by the wasp
(Goulet and Huber 199%an Noort20042014 Capinera 2008and potter wasps (Vespidae:
Eumeninae) either burrow in soil or wood, or construct exposed oryzhpernests(Goulet
and Huber 1993Tindo et al. 200R Cultivation can destroy burrowso soil nesting species may
require field nargins and other nor lowtill areas to reproducef-ood resources for adult
predatory waspshould have also been availableciopland habitats, thesaretypically
nectarandpollen from flowers honeydew from sap feeding inseots larval preyitems,
where wasps puncture prey and drink fluidsbehaviour known asiaxalation(Chilcutt and
Cowan 199p Although it appears most predatolyymenopterarspecies caught could isx

within croplands, the decline with distancérom field edgesuggests eithesome wereusing
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nesting sites outside of the fiel@ih woody natural habitator perhapshe untilled edges of
fields, paths, yards dhe mud brick walls of housgsr perhapsthat cultural speciesvere
using natural habitat as a microclimatic refuge during the hottest parts of theTdaymean
YIFEAYdzy aKIRS GSYLISNI GdzNB 2F aitdzRe FAStRA
Y EAYdzY (SYLISNI G dzsBie timds oS/eadierd Rlittla infarmation én the
role of thermal refugia and beneficial insedbsit Herrarathe thermal biologyof different
hymenopteranand dipteranspeciesdoespredicttheir irradiancebiased microhabitat
selection The decline with distance from edge could also have reflected a pattern in prey
density.Regardless of the underlying mechanigroximity tofield edgeincreased predatory
Hymenopteraabundanceand thiscould translate into enhanced predation of crppsts but it
should be noted thatvasp predation of spider&oulet and Huber 199%an Noort 2004
2014 increases intraguild predatiofang 2003Prasad and Snyder 200Z herefore the
consequences of agricultural extensification biological controlvill depend on the ratio of
crop pestdirectly predatedoy waspsto crop pestdhat would have beerontrolledby the
spidess predated by waspgand the crop yield consequences of each)
RegardingarasitoidHymenoptera before discussing the effects feéld enlargement
it should be noted thatield floral area may not have been the best (and certainly not the only)
predictor of croplandesource availabilityThe PCAMAM was more complex and predictive
than the untransformedVAM retaining termsrelating to spilloer and resource availability
whereas the untranformed/AM retainedno term for the area of natural habitat in the
surrounding landscapés such the parasitoid PGAAM is considered throughout the
discussiorand not the untransformed MAMn Europe parasitoids are generally thought to be
ecotone or dispersespecies dependent on natural habitats for floral nectar sources and
favourable microclimate, and on crops for hofidyer andLandis 1996Siekmann et al. 2001
Scheid et al. 20)1In the complex landscapesf the smaliscale farmed study areaatural
habitats mayhaveprovided important floral resources during dry seasq@emmiltHerren
and Ocleng 2008 and thermal refugiaHowever, he relativeimportanceof floral resources
in natural habitatsas compared to croplandsithin the study area malavebeen less than in
Europedue to a lack oEhemicalandmechanical weed controksulting in relavely high
cropland floraresource availabilityAsfood sources for parasitoirvae (host speciesand
adults (e.g., nectaywere both likely tchavebeen present instudyareacroplands parasitoid
species could have had distributions that reflected cultural species or well established

dispersersThe very lowevels ofpesticideusein the studyareaalsowould favour cultural and

[N
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disperserdistributions ofparasitoidspeciesOnce a parasitoid colonisediald it can
potentially persistacross crop rotationwithout it or itQ &  lBediciemically eliminated

The abundance of pan trapped parasitoid Hymenoptera was best modelled by a
complex interaction between distance to edge (field enlargement), agricultural extensification
and floral area. This interaction is not easily intetpceperhaps due to the high diversity of
the group (28 familiesAppendix TableC1) which had a wide range of differebbdy sizes
and host specie#\s most parasitoid speciémppedwere tiny, theirforaging rangesvere
likely to below (Corbett and Rosenheim 1998oland and Taylor 199Tscharntke et al.
2005, however largerespoid parasitoids such tiphiid and scoliid wasgere also trapped
and these were likely to forage over larger distandésy parasitoids, however, may passively
get spread great distances by windfith regard tofield enlargement and agricultural
extensificationparasitoid abundancencreased withdistance from field edge whematural
habitatwas lowbut decreasedvhenit was highestandabundance wakighest for all
distances when rtaral habitat was loW(PCA modelAppendix E This could be interpreted as
when natural habitat was high spillover of ecotone or disperser species into cropleasdialso
high butoverall parasitoid abundance in croplands was lower, perhaps indicating a lower
abundance of cultural or established disperser spetiesefore adecayin parasitoid
abundancewith increasing distanciom field edgewas detectableConversely itow natural
habitat landscape ecotone and disperser spillavery have beetower and cultural or
established disperser speciegre more abundantherefore the effect of any spillover could
not be detected The reasons fagreater abundance of parasitoids further from tfield edge
in low natural habitat landscapese unclear, it might suggestige avoidance behavioby
parasitoids or hostfCronin 2009due toincreased predation risfPuckett et al. 2008or
reduced host abundandgerhapsdue to predation or lower crop plant density nearer to
edges. Inferring thebiological controtonsequencesf changing croplangarasitoid
distributionswith agriculturalextensification in smakcale farmed landscapesquires
detailedknowledge ohostparasitoidand hostcropinteractions Similar to the intraguild
competition caused by spiddéwunting predatory hymenoptergarasitoids can parasitise
beneficial as well as pest insects, including other parasitoids (hyper parasitism), predators and
pollinators.Therefore generalisations reiag to ecosystem services are perhaps inappropriate
at thishighertaxonomic levelUnfortunately,the ecologyof sub-Saharan African parasitoid
Hymenopterais unknownfor most species

Blister beetle abundance had a complex respanskeld enlargementthat was

neutralto positivein landscape®f fragmentediow naturalhabitatlandscapesnd negativen
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landscapesvith more, less fragmentechatural habitat (Figure3.14). Depending on the
location of larval food blister beetles coultdvebeen cultural, disperser or even ubiquist
speciegseeFigurel.l). Adecline inabundancewith distancefrom field edgein landscapes
with abundant naturahabitat suggestsn ecdone or dispersedistributionthat became a
more culturaldistributionat higher levels of agricultural extensificatigh possible
explanations for this pattern could be thatcifopland anchaturalhabitats sharea similar
resource such asectar and pollen iflowers,represented by different species between
habitatsthen blister beetle®ptimise their searcistrategy for food regsurces bypreferentially
foragingon the flower speciegresentin the largerhabitat (as they are more likely to
encounter these)The potential for such a scenario would be enhaddgéthe floral resource
value of natural habitat declines with increasing fragmentation and/floral species are
substantially different betweehabitats Studies of bumbl®&ees in Europe suggest that
transientdilution effects reduced pollinatioror pollinator abundancén one habitat
compared to another habitat rich in floral resources during a ril@sgering period,can occur
in grasslands sharing landscapes with oilseee (Bpassica napygDiekoétter et al. 2010
Holzschuh et al. 20)1Although dlution influences the spatial distribution of bees witha
landscape at a particular time, overdhie cover of mass flowering crops has been shown to
increasebee densities in natural habitagvVestphal et al. 2003Herrmann et al. 2007
Another explanatiorior blister beetle distributiongould be that host distributiong/ere also
affected by landscape change,@&®cropland increa&sl in areagrassh@per eggsvould have
hadto becomerelatively morecommonin fields compared tmatural habitat.Within the
study areademporarygrassy fallows within croplandgere more common than grassy semi
natural areasand sown grass strips in European agvironment schemes have been shown
to enhance grasshopper abundan@éarshall et al. 2006 Additionally grasshoppers have
been shown to be more common in croplands compared to seatural grassland@Viegert
1965).

Regardless of thenderlying mechanisigthe modelsuggess the abundance and
distribution of blister beetleswithin croplandsdependson resource availabilitandthe level of
agricultural extensificatiomwithin the vicinity of the fieldThiscould have implications fahe
ecosystem disservice of crop damage, howahiewill depend on the ratio of crop damage
prevented by larvablister beetlepredation of grasshopperggs to crop damage ca by
adult blister beetles

As expected for likely cultural species, darkling beetles and ground beetles showed no

significant declinén abundance withncreasinglistance from field edgesuggestindittle
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spillover wagccurringor that detectabledeclines in spillover were naftccurringat the

distances observed he former of the preceding explanations is most likelygagaltural

darkling beetles argypicallycultural speciegWatt 1974 Allsopp 1980Robertson 199Band

their soil-dwelling larvaecando cansiderable damage to roots and seedlingsm@psin semt

arid areaswhilstthe surface dwelling adults may gnaw the stems of plants and eat leaves and
buds(Butler 1949 Watt 1974 Allsopp 1980Gu et al. 200Y Ground betles are alsmften

culturalor dispersespecieqDuelli et al. 1990Booij et al. 1995) both adults and larvae are
predatory, the former actively seeking prey or scavenging above the soil and the latter typically

ambush prey from concealed burrovirnett et al. 2000Holland 2002

3.4.2. Effects of farmland extensification oagriculturally important insects
All but one focal taxa showed a significant abundaresponseo the loss and fragmentation
of natural habitat due tagricultural extensificatiorandthe spillover of blister beetles,
stingless bees and parasitoid Hymenoptera diffedegending orthe level of agricultural
extensification in the surrounding landscape

Variationexistedbetween focal taxa fiothe distance at whiclagricultural
extensification in the surrounding landscape wasst prediciveof i K I (i AbuEddataQ a
Distancewere relatively smalll§cal) for nonstinglessbees(50 m), singless bees (5f),
parasitoidHymenoptera(100m) and darkling beetles (2G9), and weregreaterfor all
Hymenopteracombined(1000m), blister beetles (1206) and ground beetles (2008).
Generalist predators are predicted to respond to landscape at largera$igatiles than more
specialised natural enemié€haplinKramer et al. 201)land this was reflected by ground
beetles responding to landscapealarger scale than parasitoldymenopteraLandscape was
not predidive of predatoryHymenopteraabundanceAs ron-stinglessbee and blister beetle
abundancesvere best predicted by fragmentation of natural habitat (edge densitig) may
suggest the length of the crop namop interface was more important to their abundance in
croplands than the amount of natural habitat (whiptedicted the other focal taxa better).
Howeverasedge density (fragmentation) and proportion of natural habitagre inversely
correlated aresponseo increasingragmentationalso reflecs aresponse to loss ofandscape
natural habitat

The abundance response of Hymenopterao agriculturalextensificatiorwas non
linear, being lowest at intermediate values of natural habit&tis patternislikely due to a
combinationof differingabundanceesponsafrom multiple speciesor examplethere were
groups ofecotoneHymenopteraspeciesabundant when natural habitavas high( that

declinad quickly with habitat loss (stgless bees for instance) anther groupsof cultural
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Hymenopteraspecies that bendkd from increasedcroplandarea This does not support an
intermediate disturbance view of the impact of landscape structure on ecosystem seatices,
which intermediate levels of landscape complexjiye the highest level of ecosystem service
(Tscharntke et al. 2013bHowever, the interaction of multiple taxa providing several
ecosystem services could be obscuting responseof functionalgroups ofspeciesThe
generalresponseof Hymenopterasuggests that there will be winners and losers in sisedle
farming landscapes when it comes the expansion of croplands, and that intermediate levels of
disturbance (in this context) mayot particularlybenefit either ecotone orcultural species.

Stingless bee abundance was best modelled measuring landscape at a local scale (50
m) which reflects the low foraging range of the grd@eenleaf et al. 2007Abundance
respondednegativelyto agricultural extensificationbut only when distance to water was lpw
andthe effectwas strongest when distance to edge was high suggesting spilloveeduwsed
by agricultural extensificatiorit was likelythat woody natural habitat close to watg@rovided
nesting sites for thélypotrigonaspeces that dominated stingless bee catétypotrigonabees
typicallynest in small cavities in tree bark tvee cavitiegEardley 2004Michener 2007
Munyuli et al. 201)and krger trees (such a@scusspp) couldbe found near semperennial
water sources compared tioeesin dry forest far from waterandthese larger treesvere
likely to offer enhanced nesting opportunities. Access to water cbhalaalso beenan
important driver of stingless teedistribution and it could be that suitable nesting resources
were present in natural habitats at any distance from water but population dengis/ only
high enough near water tallow detection ofa response tdiabitat loss. These scenarios are
not mutually exclusive and it could be that both access to large riparian trees and water itself
wereimportant predictors of stingless bee abundanés.stingless bees were relatively
abundant the local clearance of na#l habitatdue toagricultural extensificationear water
sourcess likely to have iplications for crop pollination.

As with stingless bees thesponse of nosstingless beabundanceo agricultural
extensificatiorwasbestpredicted at docal scale (50 mjhis timewith a significant
interaction with floral area but not distance to watérable3.3, Figure3.10). This wa
surprising as nostingless beebada largerpredictedaverage foraging range than stingless
bees(based on intettegular distance, Greenleaf et al. 2Q@nhdwere expected to respond at
larger spatal scales to landscapkoweverprevious studies havehown that body size does
not consistently affect bee species response to environmental disturb@igkams et al.
2010. Nonstingless beelaundance responded negatively éalgedensitywhen floral area

was high and neutrally or (weaklgpsitively wherow. This interaction cannot be fully
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explained with the data available but may relate to floral resouteesityin natural habitats
(for discussion of pollinators and floral density &suber et al. 201,Essenberg 2032If
floral resourcedensitywas lower in fragmented natural habitabmpared toconsolidated
natural habitat hen, with increasing habitat loss, assuming a field ha intermediatefloral
resourcedensitybetween the two types of natural habitait,couldbe that bees switcheffom
foraging in natural habitats tforaging infields because the floral seurcedensity of fields
increasedelative tonaturalhabitat. If the floral resourcedensityof fieldswas alwayshigher
than that of natural habitat then bees mémavepreferentiallyforaged in fieldsin all
landscapesAs natural habitat dwindlesandfragmenswith agricultural extensificatiooverall
bee numbers drognatural habitat in this scenario has a complementary effect and provides
some resource that the field does not, e.g a climatic refuge or nesting Eite transient
dilution effects seen in bumble bees abundances due to differential resource availability
between habitats in European landscagBsekotter et al. 2010Holzschuh et al. 20)nay
suggest that this scenario is possibmwever,given thatstudies from European landscapes
are conducted ima very different contexto smallholder aregsvherefields arevery large
monocultures of cropsuch as oil seed rape witesourcedeingvery transitory such
generalisation should be treated cautiously

Hymenopteran predator abundance showed no significant responagticultural
extensificationsuggesting species were primarilyttaral which isin keeping with the ecology
of the species observaahd previous studie.g., Klein et al. 2002aWhilstobserved levels of
agricultural extensificatiom the study area posed no obvious threat to the abundance of
predatoryHymenopteran croplands, it likely that, as cultural speciesreasingnanagement
intensity, e.g.,use of agrochemicals and mechanidakptillage, would have a negative
impact

ParasitoidHymenopterarespanded tonatural habitat negatively (cagricultural
extensification positivelyat a small scale (100 mgflecting the small size and low f@iag
ranges of most parasitoids caudin agreement with previous studies e.g., Thomson and
Hoffmann 201Q, and suggestinghat cropland was supplementirfgpst and/or floralresources
in the landscape. At the edge of fieldgricultural extensificatiowas predcted to decrease
parasitoid abundance, however tledfect was reverseds distance form edge increased. This
perhaps suggesthat ecotone and disperser parasitoidpilling intocroplandsbeneft from
nearbynatural halitat and,as parasitoidgtypically) have poor dispersal capabilitiedeclines
in ecotone and disperser abundaneth loss of natural habitatlue to agricultural

extensificationrwere more pronounced nearer thedgeof fields.As such,dss of natural
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habitatwould haveincreasel the relative abundance of cultural parasitoids, whichre
modelled agespondng positively to increasing cropland areadbeingless abundant at field
edges (as discusséar spilloverand field enlargement From arecosystem service
perspective it appeagood newghat croplandparasitoid abundance respongssitively to
agricultural extensification. Howevehéd general consensus for sematural habitats in large
scale conventionally farmed landscapes is thair lossreducesecotone and disperser natural
enemy populations anthis reducespest suppressiof\Veres et al. 2013If agricultural
extensification continues until just a few percent of natural habitat remains declines in
cropland parasitoids may eventually be obseruethe study systemvYet, ittle is known
regardingcultural parasitoid species in loimput smaliscalesystems, it could be possible that
with little pesticide usethe fine-scale landscapketerogeneity inspace and time in these
systemgdiscussed itChapter2.1.1) could support adequate biological control from
parasitoids regardless of sematural habitat in the landscap@s with predatory
hymenoptera increasein the managemenintensity of smatholder landscapes is likely to
impact cultural species gfarasitoid.

Blister beetleabundance was best predicted bygricultural extensifcatioat a
relatively large scale (1200), agreeing with studies of other flower visiting beetleg.,
Zaller etal. 2008h, andresponded negatively to the fragmentation of natural habitdten
resource availabilityas low and positively (predicted) or neutrally (observed) when floral area
was highThis suggests blister beetles distributionseaotone or dispersebecause
abundance f# within cropland as natural habitat waeplaced by cropland, and tha¢source
availabilityreducedthe impactof habitatloss The ecosystem service implications of this will
depend on theon the ratio of crop damage prevented by larval predation of grasshopper eggs
to crop damage caused by adults

Darkling beetle abundanceesponded toagricultural extensificatioat a local scale
(200 m) with arinteraction with distance to watg this wasdue to the contrasting responses
of three abundant specie®arkling beetle abundance strongly declined with loss of
agricultural extensificatioat low or intermediate distances to water but increased wlfi@n
from water. Far from wateRhytinota gravidulavas abundanand Gonocephalum simplexas
absent,but closer to watelG.simpledbecame themost frequently caught speciédppendix
B. A third speciesZophosis anquisticotis/collargasabundant andpresent at all distance#\s
G.simplexesponded positively tagricultural extensificationt was probablya cultural specie
(or, ifan ecotone or disperseroplandsupplemented landscape resourcasd any resoure

that natural habitat provided that was essential wast limiting).R.gravidul® & | 6 dzy Rl y OS
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response was the oppositdecreasing wittagriculturalextensification suggesting an ecotone
or disperser species. Zanquisticotis/collarisvas commorat all distance from water is
response taagricultural extensificatiors unclear Whether different respnses between
species were due to bottorap effects such as resource availability or-tigagvn effects such
as predation or parasitism is unknowis theindividualresponse of specieso agricultural
extensificatiowithin this major crop pest grougAllsopp 198pwascontext dependentfuture
attempts to model darkling beetle abundance astbsystem disserviagith landscape change
should considethe abundanttaxa at a findaxonomicresolution such as genus or family
Regarding ecosystem disserviceskiing beetle crop damage close to water nagiucewith
agricultural extensificatiorhowever, further from water the opposite may occur.

Ground beetle abundance respondpdsitively toagricultural extensificatiomand was
best predictedvhen landscape wasonsidered at a largspatiatscale(2000m), however
model predictions had substantial error therefore thieength of the responseas uncertain
Theoverallpositive response tagricultural extensificatiomas consstent with the
distribution pattern of a cultural grougBeing a relativelgpecies riclygroup eeAppendix it
is unsurprisinghat there was uncertainty suilwundngthe effect d landscape changasit is
likely thatsome species respord more strongly than others and/or some speciesl laa
opposing responsd.inking the effect ogricultural extensificatioto the biological control
provided by ground beetleis difficult. A greater abundance gfround beetlesn croplands
could result in enhanced pesbntrol (see Kromp 199%ut could alsaeflect a bottonmup
effect of greater resource availability of prey items, potential crop pesdslitionally, whilst
mostground beetlesare thought to be generalist predat®(Lovei and Sunderland 1996
Kromp 1999Holland 2002some species of Harpaline giad beetlesare omnivorougeing
primarily herbivorous at certain times of ye@gkeda et al. 201 further asground beetleswill
consume both beneficiand pestpreythere is potential for intraguild interferengg&ang
2003 Prasad and Snyder 2004ducing the ecosystem services provided by other insect

species

3.4.3. Resource availabilityand interactionswith spilloverand landscapehange
Theeffectsof resource availabilithave already been discussedinteractions withspillover
and landscape change, here they are discussedtivglemphasis omesource availabilityThe
abundances ofnost pantrapped taxashowed significant responses floral areaoften
interacting with landscape or distance frdield edgesuggesting floral area wasedictiveof

resource availabilityHowever aspredatory Hymenopteragarklingbeetleand ground beetle
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abundance did not respond thhe measures ofesource availabilitysedin this studyit is
likelythat the resource requirements dhesegroups werepoorly represented by them

OverallHymenopteraabundance had a nelinear response to fi@l area peaing at
intermediate valuesAs withagricultural extensificatiothis could suggest differing responses
between functional groups or species. As floral area was correlated with falloviHand
declinein abundance associated with higjoral areamay have been causdwy cultural
speciegesponding negatively to a reduction in local cropland area. At low floral availability
fieldsmight have beettess attractive to ecotone and disperser specied cultural species
may have declined duto resource scarcityAt intermediate valueddral areamay have
attracted ecotone or disperserspecies intdields with minimal impacts from fallow on
cultural speciegliving relatively high abundances for both groups and an overall peak in
hymenopteranabundanceFloral availability may have also influenced host or prey derigity.
general this perhapsuggess that intermediate levels ofroplandfloral areawill maximise
Hymenopteraabundancen low-input smaliscale farmed system$ioweve, as discussed
below, the responses between groupsovidingcontrastingservices or disservicesay differ.

Stingles$ees responded toesource availabilitgnd there was an interaction with
spilloverpredictingthat increasing floral areincreased abundance at the field edyed
reduced abundance further into fieldgigure3.8). Thismaysuggestthat when high, floral
resources were saturating the pollen and nectar requirements of stingless bee within a short
distance from the edgef fields At low floral abundances stingless beesuld forage far into
afield to meet their resource requirementsvingarelativelydispersedlistribution across the
field. However at high floral abundance®souce requirements would be satisfied without
travelling far into a fieldo stingless bee distributisrareaggregaed at the field edge
Althoughpollinator aggregaons due to floral resources adten impliedthere appears to be
no study that directlyexamines osupports thisalthough here are studies on isolation effects
from floral resourcegRicketts et al. 200&aribaldi et al. 20))land some on dilution
(Diekotter et al. 2010Holzschuh et al. 201 Riedinger et al. 20)4With regards to crop
pollinationand ecological intensificaticthis may suggest that stingless Isewillbe effective
pollinators of mass flowering crops at relatively short distances from nataiaitat,
therefore,in a mixed cropping system, where stingless bees are important, pollinator
dependent crops should be planted at the edge of fields with-polfinator dependent crops
such as cereals planted futher into fields.

Non-stingless bee almdance had a positive ndimear response to floral are@igure

3.11). Whenagricultural extensificatiomas lowabundancenitially increasedwith floral area
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then plateauedat intermediate values Thisrelationship weakaedwith agricultural
extensification possible &planationgfor this interactionwere discussed the previous section
(3.4.2.

Parasitoid abundance showed no respotséoral areain the untransformedMAM,
however in the PCMAM two ordination axesrelating toresource availabilityere retained.
Parasitoid abundanciatially had a neutral or modest positive responsecomingnegative
with increasing values of therdinationaxisloadingfield and trap floral area, floral diversity,
rainfall and fallow (fallow loading negativeAppendix BrigureE2). As with the overall
response oHymenopterao resource availabilityhis perhaps suggestlabundance initially
increased due to ecotone and disperser species attracted by increased floral res(ibucest
al. 2005 Géneau et al. 20)2hen declined asultural speciesesponded negatively to an
increasingproportion offallow land The interaction of floral area and distance was discussed
previously The response of individual parasitoid species will also hisgedependean the
density of potential hostsvithin fields(e.g., Martijn et & 2010 whichwill also respond to
floral variables and fallowrelativelydw levels of floral area appesd adequate for
maintaining overall parasitoid abundance in study area with no bepeditictedfrom
increasing floal resources withircropland However, given the diversity of parasitoids
trapped,the distribution pattern of individual parasitoisbecies or functional grou@sross
the crophon-crop interface will be important in predicting their responsedsource
availability

Predatory Hymenoptera abundance had no significant response to floral Babée(
3.3). Adults of the species for the major families trapped can margtaey (reviewed by
Chilcutt and Cowan 1992r use honeydew produckby sap feeding insectas shown fo
parasitoid HymenopteraNackers et al. 20Q8/ollhardt et al. 201Pand may therefore be less
reliant on floral resources than bees or parasitoid Hymenoptera.

Blister beetleabundance only responded positively to floral area whgricultural
extensificationwas highwith anegative responses predicted wh&w (however thisappeas
exaggerated in the modgiredictionscomparedto observed values). This is an opposing
response to that seen for nestingless bees and may reflect the larval host requirements of
blister beetles rather than adult resource requirementsit, without information regarding
larval host availability (grasshper eggs) in crop and natural habitats it is difficult to explain
the observed patterns. Regardless of the explanatiith agricultural extensificatioblister
beetles positively responded to increasing flaega suggesting the pest potential of blister

beetles to large areas of flowering cropdl be higher in larger, consolidated areas of
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cropland. Although, for pollinators at least, a positive numerical response to increased flower
density does not neessarily translate into a positive functional response (in this chbéster
beetles this would bdower damage)Klinkhamer et al. 1989ennersten and Nilsson 1993
Goulson et al. 1998-eldman 2006

3.4.4. Conclusions
In smaliscale tropical agrecosystems the effects ¢itld enlargement an@gricultural
extensificaion, resultingin the loss and fragmentation of natural habitat, on mobile ecosystem
service and dervice providing species anaclear(Chapter 2, Steward et al. 20)leven
though such systemsupport billions of peopl@ FAD & UNEP 20)l&nd are under pressure to
intensify (Min 2006 Huang et al. 2011

Bearing in mind that individual species may show a contrasting response to the
aggregate response of their functional grotipe general effect of continuinggricultural
extensificationwithin the study contexton pollinators is likely to be negativéhis ivecause
of reduced spillover and landscape abundance of steyleesTo maintain and enhance
stingless bee pollination ecological intensification should aim to conserve natural habitat
minimisedistan@s to natural habitaespeciallynear water courses, thivcal responsef
stingless bees to landscape suggests that farm or community scale interventions could be well
suited to this purpose.

The natural enemies associated with the biological control of crop pests (predatory
and parasitoid Hymenoptera, and ground beetles) showetxa@d responseo field
enlargement and agricultural extensificatiand, whilst strongnegative effects on natural
enemy abundance were not observed in the complex sstle farms of the study argi@
continuingagricultural extensification and increasing field kaels to an extremely simfied
farming landscape then declines may oc€ischarntke et al. 2012bHowever, relatively little
is known regarding the potential pest control benefits of natural enemies irSsifaran Africa
and more research is required. Given the diugref natural enemies observed in this study
the trophic websof low-input smaliscale landscapamaybe large and complex and there is
considerable potential for intreand interguild interference between natural enemy species.
The crop norcrop distributions and responses to landscape change in conjunction with the
probable larval and adult feeding ita of natural enemies suggested that the majority of
trapped specimens had cultural rather than ecotone or disperser distributions (although in
more consolidated landscapes than observed here with larger distances from natural habitats
distributions couldbecome more ecotone). This is not suprising as pesticide use was minimal

andtherefore croplands wererelatively benign to cultural insectit can then be inferred that
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the natural enemies of uneiveloped smalkcaled farmlandeaybe particularly vulnerable to
increased pesticide ugéconventionalagricultural intensificatiorfrather than extensification)
occurs. The detrimental effects of pesticide use on cultural species and tet éxtwhich the
localcomplexity of smalbcale landscapes can buffer this (particularly when-amp habitats
arerare), with particular relevance to the consequences of farmland consolidaiticam
important topic for futher study.

Potential croppestshad complex responses t@ricultural extensificationlf darkling
beetle abundance is considered a proxy for crop damage, ecosystem disservices from darkling
beetles responded positively gricultural extensification wheclose to water but negatively
further away It appeared that different species were responsible for the change, one with an
ecotone/disperser distribution and one ‘it cultural distribution. Asrop pess and
pollinators both negatively respondejricultural extensificatioriose to water there may well
exist a tradeoff between ecosystem services and disservices. The abundance of response of
blister beetles was difficult to ietpret in the absence of data regarding larval prey density but
model predictions suggested that floral resources in landscapes dominated by cropland may
have been more attractive to adult beetles, which can damage flowering crops. Therefore,
depending orcropland floral resources, agricultural extensification could reduce pollination
(fewer stingless bees) and increase crop damage. In this context management options for
ecological intensification that manipulate cropland floral resouces could potentitdact
crop pests as well as pollinators and natural enemies.

To accurately predict the consequences of change in sscale farmed landscapésr
all the groups considered here dadee required for the ultimate provisioning ecosystem
service of anp yield (ChaplinKramer et al. 2011 Also, for a more holistic appraisal of
agriculturally important taxa, groupich asveevils, scarab beetles, lepidoptera, orthoptera,
spiders,camel spidersmilipedes, centipedes, anendflies should be considered

The fieldworkfor this chaptetinvested considerably more resources thaquiredfor
justthe insect sampling presented here attempting to assess crop pollination, pest damage
and yieldthrough manipulations of standardised crop plofgtempts made in thre different
growing seasons failed to establish experimental plots with enough-giterconsistency due
to 1) the unpredictability of rainfall, 2) untended domestic stock destroying plots, 3) elephants,
baboons, vervet monkeys, antelope, gazelle and gdosquirrels destroying plots, and 4)
vandalism and theft of materials and crops.

The significant and sometimes contrasting abundance responsagritultural

extensification and field enlargemdot the different functional groups of mobile ecosystem
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service providing insects observed here demonstrates that predicting the ecosystem service
consequences of landscape change in sstle farming systems will be complicated.
However, when taking into acoat the spatialscale at which ecosystem services providers
experienced their environment and how their resource requirements may have influenced
their distribution between crop and natural habitatsanyof the patternsin abundance
observed in this stdly could be relatd to current theory and synthesi Whilst the theoretical
tools and frameworks exist to predict and understand the agricultural distributions of
ecosystem service providing species, the large diversity of beneficial and pestsspediheir
interactions in thee tropical smalscale farming landspeshighlights theneed for

information regardinga LIS (hasf &cBlogy and biology to predict respasigeagricultural

extensification
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Chapter 4.Agricultural extensificationand functional diversity in tropical
smallholder agriculture

4.1. Introduction
To meet the demadis of growing populations, changing dietsd changingpatterns of
commodity consumptiorfRoyal Society 2008 o0dfray et al. 20L1,GForesight 201)ithere is a
pressure for smatcale farming throughout the developimgrid to both expand and
consolidate(Aldrich et al. 2006Huang et al. 201,XCollier and Dercon 2@)which will result in
landrusechanges at multiple spatial scaleSmalscale farming (often referred to as
smallholder farming) is the backbone of global food secy@tyappell and LaValle 2011
Horlings and Marsden 201Tscharntke et al. 2012and accounts for a substantial proportion
of food production and GDP in many countri&ngh et al. 200Z'hapa 2009Salami et al.
20103 IFAD &JNEP 2013Landusechangesare likely to affect the ecosystem functioning of
farming systemgTscharntke et al. 20Q&nd understanding how communities of animals
respond both functionally and numerically as snsatle farming evolves will be necessary if
an optimal balance of ecosystem services and disservices is to be achibigeid. of particular
relevance to the concepf ecological intensification where ecosystem services are optimised
for sustainablefood production(Bommarco et al. 209)3Whilst the supporting and regulating
ecosystem services dih are importantfor agricultural productivithave received a great deal
of attention (e.g., pollinationGaribaldi et al. 201 XGaribaldi et al. 201;ennedy et al. 2003
N -BRABRQ SO2a2aidSY &S Bagiss@QOILEoufnead& &1.f29 S
ChaplinKramer et al. 20LInatural enemies and biological control , Veres et al. 20th@
same cannobe said of ecosystem disservidbsit see, Zhang et al. 20D Thismayreflect the
fact that ecosystemidservices, such as damage to crops or disease transmission, am@ only
facet of regulating services that affect the provisioning of commaodities and are indirectly
considered in the iplogical control of crogpests(i.e., crop damaging ecosystedisservice
biological control = ecosystem servicklpwever it appears inconsistent, given that regulating
ecosystem services and disservices can both respond to spatiotent@odalsechange(e.g.,
White et al. 1997Michalski et al. 200&Zaller et al. 2008iGraham et al. 2030Vebber et al.
2011), thatso much ofegulatingecosystem service research focussedamuluseresponses
of beneficial rather than detrimental species

Speciewvith different feeding behaviours and dietan tave different responses to
land-usechangegWilby et al. 200Band the diversityof such traitscan affect ecosystem
services such as predation of crop pg8nyder et al. 2006crop pollination(Kremen et al.

2002 Albrecht et al. 200yor disservices such as crop raiding by prim@Brashares et al.

-
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2010. Landuserelated changes in thdiversity d feedingtraits represented bya species
communitycan have complegffectson ecosystem functioning by affectipgrasitism of
functionally importantspecieqTylianakis et al. 200@r interference between feeding guilds
(Snyder and Wise 199Rang 2003Prasad and Snyder 200Zhe process byhichland-use
changedisproportionallyaffect particular fustional traits or trait combinations known as
trait filtering and examples of this includéhere habitat degradation or loss altdise balance
of feeding behaviours within a communiggray et al. 200;7Tscharntke et al. 20Q0®r causes
the extinction of large bodied speciféisarsen et al. 20Q5Studies have traditionally used
measures of taxonomidiversity(e.g., species richnes®) assess the impact ¢dnd-useon
biodiversity howeverthere is nowa growing realisation of the importanad functional
diversity This is becaugaxonomic measures do not take into accotmatwv environmental
filtering can alter the composition dfe-historiesor traits within communityand therefore
may be inappropriate indicators of structural change underestimating the true effects on
biodiversity ofland-usechange(Cardinale et al. 203 Mouillot et al. 2013Edwards et al.
20143. Functional diversitynethodsquantify the range of functional differencésaits)
between the taa that form a communitghus linking species diversity to ecosystem processes
through resourceuse patterngTilman et al. 200, Petchey and Gaston 200@his can give
insight in to the vulnerability or resilience of (agriculturally important) tare the ecosystem
processes they regulate land-usechangeor how well they may recover in response to
environmental disturbancéSekercioglu 2012

Considering the relevance of a functional diversity approadhadnference of
ecosystem services in agriture (Tscharntke et al. 20Q8le Bello et al. 201;,Bekercioglu
2012 relatively little is known regarding the impactslahd-usechange on functional diversity
in tropicalagriculturallandscapegEdwards et al. 2014ahowever some groups have received
more attention than othersuch as dung beetldEdwards et al. 2013atrap-nesting
Hymenoptera(Tscharntke et al. 2008Villiams et al. 2010and birds(Tscharntke et al. 2008
Flynn et al. 20095ekercioglu 20LZEdwards et al. 20)3Most studies of functional diversity
with relevance to agriculture discuss the topic by contrasts between different habitdasdr
uses, such as forest vs. croplarigiscussion of change with specific relevance to gradients of
agro-ecobgical intensificatiorwithin cropland that would illustrate the shape of functional
relationships witHand-usechange and highlight thresholds,uncommonbut see Flynn et al.
2009. Factoral comparison®f natural habitats toseminaturalthen agricultural habitats
indicate that functional diversity declines more strongly for birds than taxonomic measures

suggesi(Flynn et al. 2009 bee and dundpeetle functional diversity decline@ scharntke et al.
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2008 Edwards et al. 2014aand avian functional diversignd specialisatiodeclines
(Tscharntkeet al. 2008 Sekercioglu 20)dr shows no trend(Edwards et al. 20)3In support
of the intermediate landscapeomplexity hypothesis, where intermediate levels of landscapes
complexity promote diversityTscharntke et al. 2012bthe relative abundance ofvéan
pollinators and seed dispersessgreatest in semmatural habitats and community similarity
for aviansand Hymenopteras highest in agriculture and highest in simplified compared to
complex landscapgd scharntke et al. 2008

Hymenoptera and @eopteraare globally widespread insect orders thatn strongly
affectagricultural commaodity production positilye suchaspollination bybees(Garibaldi et
al. 2013 or pest control bycarabid beetls (Kromp 1999, or negatively such as crop damage
by eurytomid waspgNadel and Pena 199Hernandez-uentes et al. 20)®r tenebrionoid
beetles(Robertson 1993Durairaj and Ganapathy 20P@hilst a few studies have
investigatedand-usechanges orunctional diversity fospecific families of @eoptera
(Vandewalle et al. 201Edwards et al. 2014ar Hymenoptera(Tscharntke et al. 2008ha
and Vandermeer 201Williams et al. 201)0no studies have looked at hoawerall
hymenopteranor coleopteran functional diversitghanges asmallscaleagricultural
landscapegxpand, intensify or consolidate

This study addressesknowledge gap regarding how functional apiodiversity
changes witHand-usechange in smakcale farming landscapes hyestigatng the effects of
agriculturalextensification at two spatial scalé#&ld enlargementand proportion of
agriculturénatural habitatsin the landscapesurrounding the fieljlon the functional and
taxonomic diversity o€oleopteraand Hymenoptera The study areéalls within thebuffer
zoneofl TNA OF Qa f I NB S ahergdurient gatéd of agricliitiNg] expadsidn age2 >
high(Maeda et al. 2010alIn this novel context,ite aims othis study are twefold, first to test
the hypothesis that agricultural intensification will lead to environmental trait filtering by
selecting species more similar than expected by chdeegling to reduced functional diversity
in extensifiedcontexts. Second, it aims to investigate how particular functional traits are

relatedto field size and landscape composition.

4.2. Materials and methods
This study analyses a subset of the data collecte€fampter 3 datawere subset so as to
standardisesamplingeffort between sites as ragred for the functional diversity metrics

discussed subsequently.
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4.2.1. Study system
The study landscape was located in lowland (<1100 m a.s.l.) areas of aadéta County of
south-east Kenya approximately centered on the town of Mwatateatbp n o ¢ Dot A ¢ H do y
Agriculture is the dominant source of income for Kenyans employing 80% of the national
labour force(World Bank 201B8and a rising population is increasing demand for agricultural
land. TaitaTaveta Countyad an annual population growth rate of 1.6% between 12009,
the total population of the comnty in 2009 was c. 284,000 in ¢.17,000°k#8% of whom were
under 20 years ol@\ational Council for Population and Development 20Hgh population
growth rates coupled with saturation of the farmland resource in the wetter highlands of the
Taita Hills has resulted in rapid, unplanned, convereiairy forest to croplands in lowland
areas. Overall loss of dry forest in the Taita Hillssurdounding lowlands between 1987 and
2003 wasestimated at 22% giving an annual loss rate of lab#dosses were concentrated in
lowland areas wh little change in upland areas or hill slogé#aeda et al. 2010a Simulations
based on current rates of change predict lowland areas will be almost etahptenuded of
dry forest by 203@Maeda et al. 2010aalthough there was still a substantial area remaining
at the time of this study.

Thelowlandlandsape was a mosaic of open dry woodlaAddcia sppand
Commiphora spp.and rainfed, lowinput, largely unmechanisesimaltscale farming
dominated by maize intercropped with dry beans or cowp@asagrochemical inputs
(pesticides, herbicides and inorganic fertilisers) were very low teaxistent and tillage was
manual (farmers used mattocks or a shallow ox plough) cropland hostility (to insects) from
mechanical or chemical disturbance was léw.agrochemical inputs (pesticides, herbicides
and inorganic fertilisers) were low and tillage was manual (farmers using mattocks or used a
shallow plough driven by ox) negative impacts (matrix hostility) to insects from mechanical or
chemical disturbance g&re minimal. The dominant soil types within the study zone were
rhodic ferralsols and chromic luvis@Batjes and Gicheru 200)&lays or sandy loams with
moderate fertility, low organic matter content and poor water retention capaghfppora
2002. Rainfall patterns in Taita are bimodal; with a long rainy aeascurring from March to
Juneanda shorter rainy season in October to Decem@g&llikka et al. 2009Rainfall
increases with altitude with average annual totals for the lowlands 587 mm at 560 m (Voi)
increasing to 1132 mm in the uplands at 1768 m (Mgafigelikka et al. 2009Rainfall is
highly variable between years, from 1986 to 2003 the minimum annual rainfall was 200 mm in

the lowlands and the maximum 2000 mm in the highla¢Risllikka et al. 2009In line with
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annual averages @oarseestimate of rainfalfrom simpleraingagedor the study period
(August 2012 to June 2018ave approximately 610 = §8D)mm of rainat Mwatate.

4.2.2. Natural habitat mapping

The study zone was limited to lowland areas where dry forest and wooded grasslands
(considered here to be neagricultural areas with >20% cover of shrubs or trees) were the
dominant natural habitats in the landscape. Landsat imagery was too coarse idgepatial
habitat information at a spatisdcale appropriate for agricultural insects, so woody habitat was
mapped manually using QGIS ZX5IS Development Team 20ABd freely agilable high
resolution (c. 2 m pixel width) satellite images from the openlayers plugin. Imagery recorded
during the dry seasons of 20d012 was used for mapping as this provided the greatest
contrast between woody vegetation and agricultural areas. Mi@mum mapping unit was 25
m2and the final map was smoothed in ArcGIS 18RI 20)1sing a PAEK algorithm with 10
m tolerance as this gave a good visual fit to satellite imagery. A total of 52dsmmapped
(Figure3.1). Theprimary landuses of newooded areas were cropland, settlement, roads and

pasture, of these cropland was dominant (>80% of-n@moded areas). From henceforth forest
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[ Woody natural habitat

— Study zone

Figure4.1 Study zone and sample site locations.
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4.2.3. Analysis of landscape structure, study design and site selection

To determinethe amount ofagricultural extensificatioacross thestudy area Patch Analyst
5.1(Rempel et al. 2002n ArcGIS 10.(ESRI 20)1vas use to calculatelandscape
fragmentation metricat a radius of 1 knfior a point-grid spaced ab0 mandclipped to
mappedagricultural areas. The 20% of points with the lowest proportion of natural habitat
within 1 km and the 20% of points with the highest were selected and buffered to 100 m
definingareas where agricultural extensifation was high and lowl'o improve standardisation
between potential field sites points within 1 km @farge commercial sisal plantatipn
ranchlands, large settlements or protected areas were excluded, as were points above 1100
maa ®f ® 2NJ 2y &f PahdScape Bbties wedheldredakclilafedqr @ higher
resolution 20 m point gridlipped tothe buffer. Potential study landscap&gth high and low
levels of agricultural extensificatiomere identified fromthe newgrid bybufferingpointswith
the 20%highestand lowest proportions of natural habitatto 20 m.Within this bufferto
investigate the effects dfeld enlargemengrable fieldsvere mappedandthe largest and
smallest field¢defined as those differing in area by approximately an order of magnitude or
more) wereshortlistedas potential study sites. To minimise corr@at between boundary
habitat and landscapeotential studyfieldswere limited tothosewith boundaries comprising

at least75% or more dnrforest or bushlandgxtendingat least 5m from the field edge

Study zone
[
v
Low natural habitat
(®=23% within 1 km)
v v v : v
Small field n=5 Large field n=5 Small field n=5 Large field n=5
(Go= 4545 ) (6= 36224 ) (Go= 3280 ) (6= 39909 1)

Figure4.2 Study design witlmeansfor landscape and field sifagricultural context)seeChapter 3
Table3.2 for errors.

Potential fields were randomly subset to giwee large and five small figd inhigh and low
natural habitat landscape$igure4.2). Fields of the same size category were separated by a
distance of approximately 2 km, this was assumed to give adequate spatial independence
between study landscapdsr the majority ofecosystem servicgroviding insectgSteffan
Dewenter 2003Kremen et al. 2004Vinfree et al. 2008ChaplinKrameret al. 201). Paired
large and small sites were allowed within landscapad ata separation distance of 2 kthe

study contained 16 independent landscaesl four pairedsites
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4.2.4. Sampling methods

Trapping was conducted between August 2012 to June 2013. Pan and pitfalvtepplaced

at the same thredixed sampling points at the edge and centre of each field, the midpoint
between these. The placement of the edge trap was random then average distance between
the remaining traps was maximised with reference to the edge trap. Traps were only placed in
cultivated areas where the nearest field boundary was dense woody habitare were a

total of 60traps,15in each agriculturatontext, in six sampling rounds for pamaps and four
sampling rounds for pitfatiraps. Species or family abundances are twenmed catch of all

traps across all sampling rounds (n = 20).

Triplicate @n-traps (12 cm diameter and 6 cm deep aluminium bowls with sloping
sides) sampled mobile aerial insects attracted to floral resources, the focal taxa for this study
were Hymenoptea. Panrtrappingis the most efficient method of sampling bees in agricultural
habitats(Westphal et al. 2008and has also been used to study parasitic and predatory
HymenopteraBowie 1999Christie and Hochuli 200S$aunders and Luck 20130 account
for different colour preferences dfymenopteranspecieqKirk 1984 Aguiar and Sharkov 1997
Toler et al. 2005Campbell el. 2007 pans were (re)painted each sampling round either
fluorescentyellow (1005),sky blug(15) or white gloss enamdBlue and yellow pans were
protected with clear varnish. Pamap height was adjusted to ensure visibly was not obscured
by local vegetation. Pans were filled with water mixed with a small amouetefgentto a
depth of 2cm from the rim. Traps were s& the morning, mean (SD) 0905 hours = 31 min
and retrieved in the afternoon of the same day, mean (SD) 1557 hours £ 40 min, mean (SD)
trap exposure was 6.88 + 0.48 hours. fapping in 2012 was conducted during August,
September and November, and i013 in January / February, April and May / Jean
trapping was not carriedut in strong winds or on rainy days and was repeated if the weather
changed from favourable to unfavourable conditions during in the day.

Pitfall traps (500nl plastic cups94 mm in diameter and 135hm deep) sampled
epigealCoelopteraEkroos et al. 20%0keda ¢ al. 2010 Gilroy et al. 201} Pitfalls were filled
with water mixed with a small amount of detergent to a volume of 80To prevent birds
scavenging trap contents and o¥lexv from rain storms, and to reduce evaporatignitfalls
were covered with a 156m diameter white plastic plate raised ZB from the soil surface.
Pitfalls were initially left irsitu for five days, however this was reduced to three days in
subsequentrapping rounds. Pitfall trapping conducted in 2012 was in August and November,
and in 2013 in March and Majune.
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For both trapping methods sites were stratified into groups that could be practically
visited in a single day then the sampling order of sites was randomised each round. Sampling
order was also randomised for the traps within sites. Collected specimerestar@porarily
stored in 7699% ethanol until pinned for identification. If specimens were very small they
were stored in sealed microtubes with 99% ethanol.

Taxonomic determinations for beetles > 04 mm in length were made to species by
M.Mutua, and to gerra and species/morphepecies for bees by M.Gikungu, J.Macharia and
P.Steward, all using the reference collection at the National Museums of Kenya, Nairobi,
Kenya, where bee and beetle specimens were deposited. Beetle specimens <0.4mm in length
(365 / 3251 specimens, 11.2%) were not identified and are excluded from analyses. The
identifity of specimens of noapiforme Hymenoptera was determined to family for parasitoid
wasps and to genera for vespid or spheciforme wasps by R.Copeland at ICIPE, Nayabi, Ken
and nonapiforme hymenopteran specimens were deposited at ICVier calipes (+ 0.05
mm accuracy)vere used taneasue total length (£, anterior median of head to posterior

median of abdomen) horacic width (; widest spanand aldominalwidth (4, widest spanpf

beetles Ther ventral surface area was estimatedingthe formula

whichweightsthe

abdominalcontribution to areahigher than the thoracicontribution (adapted from Larsen et
al. 2008, this was because the vaat area is nearly always largidan the thoracic area and

the two can differ substantially in width

4.2.5. Functional trait matrix
As data availability regarding the ecology and morphology of specimeniimitasi the
functional trait matrices used here arelatively simple focussing on 1) tadult size, adult
and larval feedingpehaviourand larval location for @eoptera speciesand 2) larval feeding
behaviourandlarval dietfor hymenopteranfamilies.Traits were selected tbe relevarte to
agricultual ecosystem servigand, as such, indicate functional groups that share similar food
resourcesvhich in turn relates to whether species are potentially beneficial (e.g. pollinators or
natural enemies) or detrimental (e.grop pests)Whilstincludingadditionalmorphological,
behavioural and lifenistorytraits would enhance the analydiy more accurately locating
speciesn functional traitspace there wassufficient variability in theraits selectedto clearly
sepaate groups Figure4.5B andFigure4.17B).

PantrappedHymenopteravere analysed bfamiliesrather than pecies reflecting
the highdiversity of specimens (37 families) and the impracticality and expense of identifying

these to genera or specigis is likely that many spees were unknown to science (R.Copeland,
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pers. comm). Further,to analyse functionajroups of Hymenoptera at a species or generic
level more detailed knowledge of species ecology is required than is currently available
accessibleand at high taxonomic resolutions especially little is known regarding the functional
ecology ofmost predatory and parasitoid ymenoptera in suksaharan Africaat the family
level reasonably detailed descriptions of typical larval feeding behawnd diet are available
for Hymenopteraand traits were derived from the literature listed Appendix HAs the
ecology of species varibgtween speciewvithin families, in that not all speciesill share the
sametraits, traits wereweightedaccordingo their frequency of occurenceithin a family
according to thénformation resourceswvailable(Appendix DrableD.2). A score of 1 indicated
a strongassociation with a trait with thenajority of species iafamily demonstrating it, a
score of 0.5 indicated moderate association, but less than a majootygpecies
demonstrating the traita score of 0.1ndicated the trait wa demonstrated § just a few
species within in théamily (often considered to be atypicaland a score of zero indicated
associatiorbetween family andrait.

The pitfall trapped epigeal @eopteracommunity (>0.4 mm in lengthyas
considerably less diverdkan the hymenopteransomprising 11 families aralgreater
taxonomic capacity existed for their identification. As such beetia® analysed at the
species / morphespecies leveDetailed ecological information regardingany genera, and
most speciesywasunavailable for mossub-SaharamfricanColeoptera therefore trait data
was typicallyderived froml & LIS OA S & Q . \Whed deSripohs)sufGeytesl Mt the
species that form higher taxonomic groupings couldgass divergent traits and no speecies
level data was available then a species was scored positive for all the possible traits it could
possess (unless stated to be rare or unustabits scores are listed &ppendix DrableD.1
and information sources are detailed Appendix G

The relatively simple trait matrices used and the low resolution of taxonomic detail
available is likely to increase the degree of clustering betwarathan is perhaps biological
accurate this should be borne in mind when interpreting the results of this stiittywever as
it is the relative differences between agricultural contexts that imterest, the trait matrices
constructed in this study can still provide valid insights intecfional change in this novel and
challenging contextfurther simple feeding guild approaches have been used in studies that
compare at functional diversity at higher ta>amic levelgsuch as order or class, see

Tscharntke et al. 2008
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4.2.6. Statistical analyses

All analyses were conducted®3.1.0(R Development Coreedm 2014 unless stated
otherwise.Note that while species or family abdance was used to calculatxonomic and
functional diversity metrics the values obtained from trapping methodsoaigindicators of
the actualabundance or activity desity of the groups in questioandwhilst the relationship
between trap data and actual population migties is variable among taa.g. for epigeal
predatory beetles see Lang 20Q8e standardised trapping methods used still allow direct

compari®ns between contexts indicating real patterns and trends.

Taxonomic metrics (richness, diversity, evenness and composition)
Trueindividuatbasedrarefaction curvesvere used to compare species richness between
agricultural contextgGotelli and Colwell 20QBuddle et al. 200Band confidence intervals
were derived from multinomial models with 1000 randomisatioisgng theEstimateS
software v. 9.1.@Colwell 2013 Species diversity was calculated with thea&fon\Weiner
index(note that this tends to be correlated with abundanee)d species evenness with

t ASf 2dz0a S @Sy y\®gad patkdgqSkBanairétily28)3Ch&nSe in species
composition was assessed using a-meetric multidimensional scaling (NMDS) ordination in
the isoMDS function within theMASSpackaggVenables and Ripley 200Zlarke and
Warwick 200)with a BrayCurtis dissimilarity measui@®agurran 2009 Communities were
standardised tdahe proportion of the total abundance of individuals at each site and a
permutation multivariate ankysis of variance using thEDONISfunction in theVegan
packaggOksanen et al. 2033vith 10,000 permutations was used to test for significant
differences(Edwards et al. 2013asing afalse discovery rate (FDR) correction for multi
testing in pairwise comparisons betweegricultural contextsTaxonomic metrics were

calculated including singletons.

Measuring functionaldiversity

TheFDind function (Villéger et al. 2008vasused to calculatéour complementary measures

of functional diversity: (1) functional richness (FRic), whalbulateghe volume of functional

space that ayroup of taxa inhabit; (ZXunctional evenesg-Eve)which quantifies how the
abundances of taxa are spread across the inhabited functional space; (3) functional divergence
(FDiv), which assessesthariations in taxa abundaneéth respect to the centre of functional
space (knowras the centre of gravitygnd(4) functional specialisation (FSpe), which describes
how functionally unigue aommunityisrelative to the regional pooPairwise comparisons

between agricultural contexts were conducted usiimgar models andeastsquares means
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with a FDR correction for multipkesting,using thelsmeans function fromthe Ismeans
packagglLenth 2013.

TheFSECchange function (Mouillot et al. 2013was usedo assess change between
paired contextsand figures illustrating functional change were constructed according to
Mouillot et al. (2013).Functioral change figures included the additional measures of functional
diversity: (5¥unctional dispersiofFDis)which assesses the deviation of taxa trait values from
the centre of functional space filled by the communii§) functionalidentity (Flde) which
shows how change in taxa abundance changes the mean trait value of species communities;
(7) functionalentropy (FEnt) which reflect the sum of pairwise functional distances between
species (usg Rao index)and (8) functionabriginality (FOri) which quantify how change in
taxa abundance modify the functional redundancy between spetiests weregiven equal
weighting andransformed into synthetic coordinataxes usingrincipalcoordinate analysis
(PcOA)Villéger et al. 2008_aliberté and Legendre 20)l&nd taxa were weighted by relative
abundance in calculatiaof functional diversity measures. As traits were a mixture of binary,
ordinal and continuous variables and to deal with correlations between them, traits were
transformed into adistance matix using a Gower distance meastinen ordinated using
PcOATwo PCoA axes were used to calculate functional measures and the goadifiess
(GOF) statistic, an approximation of the proportion of variance explained by PCOA axes
(Krzanowski 2000The GOF of theegionaltrait space(excluding negative eigenvaluasas
51.6%for Coleopteraand 53.6%or Hymenopteraandincluding additional axes did not
substantially increas&OFFSECchange metrics are limited to the context level and as such
statistical significance is not available (this is generated at the site level) for the additional
metrics.

As functional diversity measures can be skeweddnyexamplerare taxa that have
little functional relationship with agridtural habitats, but, by lsanceoccasionally stray into
them, singletons can artificially elevate functional diversity assessments, obscuring patterns
between habitatgBarlow et al. 200gEdwards et al. 2093The effect of rare species on
functional diversity metrics was explored by excluding anglstons (taxa with a single
individual)for eachagricultural context¢Appendix Jand comparing results to the full dataset
Removing singletonsnly had a notable effect on FRic as the inclusion of rare species can
greatly alter the volume of trait space occupied by augr of taxa and, unlike the other

functional diversity metricgt is not weighted by taxa abundance.
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Observed and expected functional diversity withagricultural contexts

To determine whether agricultural contexts exhibited a more or less functionally
complementary set of taxa, the observed level of functional diversity was compared to that of
the regional pool for the four functional diversitpmponentsof FRic, FEve, FDiv and FSpe

(Flynn et al. 2000 To do this the standdised effectsize (SES$)as calculategber siteas

for 1000 iterations of expected values from random

communities generated using an indement-swap algorithm (which maintains species
frequencyoccurrence and richneséidwards et al. 20)3rom the randomizeMatrix
functionin the packaggicante  (Kembel et al. 20)00One-sample ttestswith*  Ttwere
used to determine whether the SES of each functional diversity metric was significantly

different from zero.

Species composition and variation in functional traits

RLQanalysidade4 package, Chessel et al. 2D@dsused to inveBgate how landscape
charactergproportion of local natural hatat within 1 km and field areapay filter particular
specieqor family) traits RLQ analysis uses thréatamatrices:Yisi "Q0 Q¢ 0 Qi € g@dc'Qe 0
[ "QoiQn Qo&diisi n 'Q® QR i diRkedec et al. 1996 Species abundancesiiwere
converted to relative abundancesida centered chiistance matricorrespondence

analysis) was created froi Then ariYa Omatrix was constructed by centering and
standardising the columns dfand0, taking the centre weighted average, where weights

were row weights and species vgits respectively, and the weighted standard deviation was
calculated. Nextpwas calculated as the product a® 0 the correlation matrix between the
environmental traits and the species traits mediated by species abundances, and the cross
product matrix of owas calculatd to give. Eigen decomposition @dusing theeigen()

function gave species trait loadings as eigenvectors (plotted as arrows) and environmental trait
scores agigenvalues as per PCA (plotted as poirfBylédec et al. 1996 The environmental

variadesused in RLQ analyses were derived fil@hapter 3vhere methods are detailed.

4.3. Results

Across all agricultural contexts 1401 individepigealColeoptera ¥0.4 mm lengthfrom
KSYOST2NI K NBFSNNBR i pof84 speciedeél 575 iadddudiiidet 2 NJ & 6
visitingHymenopterad K Sy OS ¥ 2 NIl K NB T S NN Bofamieswlerd recondedY Sy 2 L.
excluding singletosithis fell to1333 individuas of 55 species for Coleoptera ad86

individualsof 20 familiefor Hymenoptera.
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4.3.1. Coleoptera
Taxonomic metrics (richness, diversity, evenness and composition)
Beetle catches were numerically dominated by tenebrionid (262.6% Figure4.3) and
meloidid beetles (10.8 42.1%), both in the superfamily Tenebrionoidea. Scarabids;(3.3
18.6%), curculionids (3¢311.6%) and chrysomelids (1 2.0.3%) were commonly caught
(Figure4.3), but typically in lower numbers than tenebrionids and meloidids, beetles of other
families were comparatively rare. Small fields in high natural habitat landscapes had lower
Coleopteraabundanceat both site(P < 0.05Table4.1) andcontext levelcompared to all
other contexts whereas large fields in high natural habitat landscapes accumulated the
greatest number of individuals, but with considerable variability between skagu(e4.4,
Table4.1). Small fields in high natural habitat landscapes also had lower species richness at the
context level compared to all other contexts, and, at the site level species richness and
diversity werdower compared to large fields in high natural habitat landscapes and small
fields in low natural habitat contexts (P < 0.0%@ple4.1). However, individal-based
rarefaction curvesKigure4.4) showed that the accumulation of individuals for small fields in
high natural habitat landscapes and largedgein low natural habitat landscapes was
insufficient to reach a relatively asymptotic level of species richness suggesting comparisons of
species richness between contexts should be treated with cauitiotine absence of singletons
(Appendix Figurel?) all contexts reach relatively asymptotic levels of specichnesg¢Table
4.1). Large fields in high natural habitat landscapes had significantly lower species evenness
compared to small fields in low natural habitat landscafgezb(e4.1). Mean evenness was
lowest in large fields in low natural habitat landscapes, but with relatively high variability
between sites Table4.1).

Species composition did not significantly differ between contexigufed.5, Appendix
| Tablel.2).
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Family

Brentidae
Buprestidae
Carabidae
Chrysomelidae
Curculionidae
Elateridae
Histeridae
Meloidae
Scarabidae
. Tenebrionidae

Figure4.3 Proportional contribution of coleopteran families to the total cafebm each agricultural
context Bar width is scaled tthe total abundance of individuals caught in each context (Falele4.1).

Table4.1 Summary of taxonomic levebleopteranspecies metrics between agricultural contexis the

context level richness confidence interval® calculated using a multinomial model with 1000
randomisations. Diversity is measured using the Shannon indeS&@& yy Saa dza Ay 3
natural habitat with 1000m, large and small refer to field aif®pecies richness metrics are presented

with and without (NS) singletons.

Agricultural context

Metric

LargeHighNH LargeLowNH  SmallHighNH ~ SmallLowNH

Context Level:

Abundance 638 369 121 273
Species richness (SD) 52 +3.32 54 +4.64 30+4.51 49 + 2.57
Species richness 95% Cls 45.48-58.52 44.9-63.1 21.15-38.85 43.96-54.04
NS pecies richness (SD) 36+0.50 30+0.46 12+0.30 32+0.44
NS pecies richness 95% C 35.01-36.99 29.09-30.91 11.41-1259 31.13-32.87
Species wversity 2.84 2.73 2.85 3.24
Speciegvenness 0.72 0.69 0.84 0.83
Site Level:

Abundance (SD) 127.6+57.16 73.80+31.572 24.20+17.09 54.60+15.2%
Species richness (SD) 22.00+3.22 16.80+7.62 8.60+28 18.60+3.72
NS species richness (SD) 19.00+4.2¢* 12.0+4.43 5.40+1.36 16.00+2.768
Species wersity (SD) 2.31+0.16 1.92+093 1.71+0.32 2.52+0.29
Speciegvenness (SD) 0.75+ 0.02 0.68 £ 0.26 0.82+0.10 0.87+0.05

Superscripts(?) represent FDR corrected pairwise differenceRd# n ®n p o

t ASf2d
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Figure4.4 Observed Gleoptera species richness, calculated from sanfy@sedrarefaction curves,
shown between agricultural contextdlH = natural habitat with 1000m, large and small refer to field
area.Bars represent the standard error of iteratiof&arefaction with singleton species removed is
presented inAppendix Figurel?2.
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Figure4.5 A) Nonmetric multidimensional scaling (NMDS) ordinatafrColeopteracommunity
assemblageand B) Principal cordinates analysis (PCOA) on a Gower dissimilarity matrix of Coleoptera
species functional traitsd) shows nosignificant differencebetween agricultural contexts (L = large

field, S = small field, High & Low refer to local natural habitat within 2000 m of the fisEE)ppendix

| Tablel.2 for statistical analysi®8) shows how species are distributed in functional traits sp &l

points show the location of species sharing similar trait values, species codes are linked to their location
with a grey line. Where a species code has no grey line it is accurately placed in functional trait spaced.
Abbreviations refer to the first tev letters of family, subfamily and tribe for the species listed in

Appendix OableC1. Major families are &€= Carabidae, Cu = Curculionidae, Me = Meloidae, Sc =
Scarabidae and Te = Tenebrionidizeboth A) and B}he regional species pool is used.
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Functionaldiversity metrics

Functional and divergend&Diy andspecialisation (FSpeid not differ between agricultural
contexts Figure4.6., Figure4.10dg, Figure4.12-13dg, Table4.2). Runctional richnes$FRic)
was significantly lower in small fieldshigh natural habitat landscapes compared tioogher
contexts(Table4.2, Figure4.6, Figure4.10b, Figure4.12-13b) andremoving singletons from
the analysis increased the size of this eff@sgteAppendix 1 Figurel9b, Figurel11-12b).
Before correcting for multiple testinginctionalevenness(FEvewassignificantly lowefor
large fielddn high compared to lomatural landscape@~igure4.10c), however this became
non-significant after a FDR correction was appli€dhle4.2). Thefrequenciesof traits per
context areillustratedin Appendix Figurel.1.

Among all contextEDiv and=Spewere not significantly different than expected from
random communityassemblaged=jgure4.7, Table4.3). When singleton species were
excluded fronstandardised effeesize calculations foFRic (this mtric is not abundance
weighted therefore singletons exert a disproportionately strong effentall fieldin high
natural habitattandscapesad significantly lower functional richness than expected, whereas
for small fields in low natural habiténdscapes it was significantly higher than expected
(Tabled.3). FEve was significantly lower than expected for large fields in high natural habitat
landscapes but other contexts showed no significant difference to a random community
assemblageRigure4.7, Table4.3).

Lower values of FRic demonstrated that small low natural habitat fields showed a
reduced range of traits or trait combinations compared to other contexts. Lower values of FEve
suggest abundanceare less evenly shared between spec{gsme species or traits are
becoming more dominanr variability of the distance between species in functional trait
space isigherfor large fields in high natural habitat contexts. No difference between contexts
for FSpe and FDiv suggests that there was little change between the balance of specialists vs.
generalists (FSpe) and that species abundances were distributed acrossrfahsgiace in a

similar manner (FDiv).
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Figure4.6 Boxplots for dbserved scores fordleoptera functional richness (FRic), evenness (FEve),
divergence (FDi\gnd specialisation (FSpegtiveen agricultural cotexts (LH= large field, high natural
habitat; LL = large field, low natural habitat; SH = small field, high natural habitatl.anshgll field,

low natural habitat). Top panels are raw scores and the lower panels are standardised (centred and
scaled)

Table4.2 Pairwise comparisons of observed functional metric scores for coleopteran species between
agricultural contextsising twotailed t-tests A false discovery rate correctigDR p) is appliddr

multiple testing with untransformed paluesalso presergd (p). Degrees of freedom in all cases was 9.
High/Low =refers tolocal natural habitat and Large/Small = refers to field area. Functional metrics are
FDiv = diversity, FEve = eveness, FRic =egghHfRic_NS richness with the exclusion of singleton
speciesand FSpe = specialisation.

Contrasts Metric  Estimate t p FDR p
LargeHiglvs.LargeLow FDiv 0.081 1.610 0.127 0.363
LargeHiglvs.SmallHigh FDiv 0.089 1.772 0.095 0.363
LargeHiglvs.SmallLow FDiv 0.070 1.397 0.182 0.363
LargeLows.SmallHigh FDiv 0.008 0.161 0.874 0.874
LargeLowss.SmallLow FDiv -0.011 -0.214 0.833 0.874
SmallHigtvs.SmallLow FDiv -0.019 -0.375 0.712 0.874
LargeHiglvs.LargeLow FEve -0.117 -2.336 0.033 0.197
LargeHiglvs.SmallHigh FEve -0.084 -1.683 0.112 0.299
LargeHiglvs.SmallLow FEve -0.076 -1.514 0.150 0.299
LargeLowss.SmallHigh FEve 0.033 0.653 0.523 0.628
LargeLows.SmallLow FEve 0.041 0.822 0.423 0.628
SmallHigtvs.SmallLow FEve 0.008 0.169 0.868 0.868
LargeHiglvs.LargeLow FRic 0.010 0.529 0.604 0.864
LargeHiglvs.SmallHigh FRic 0.068 3.567 0.003 0.015
LargeHiglvs.SmallLow FRic 0.007 0.354 0.728 0.864
LargeLowss.SmallHigh FRic 0.058 3.038 0.008 0.016
LargeLows.SmallLow FRic -0.003 -0.175 0.864 0.864

SmallHigtvs.SmallLow FRic -0.061 -3.212 0.005 0.016
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Contrasts Metric  Estimate t p FDR p
LargeHiglvs.LargeLow FRIicNS 0.026 1.538 0.144 0.172
LargeHiglvs.SmallHigh FRIicNS 0.098 5.774 0.000 0.000
LargeHiglvs.SmallLow FRIicNS 0.000 -0.023 0.982 0.982
LargeLows.SmallHigh FRIicNS 0.072 4.236 0.001 0.001
LargeLows.SmallLow FRIicNS -0.026 -1.561 0.138 0.172
SmallHighvs.SmallLow FRIicNS -0.098 -5.797 0.000 0.000
LargeHiglvs.LargeLow FSpe 0.026 1.880 0.079 0.260
LargeHiglvs.SmallHigh FSpe 0.019 1.361 0.192 0.315
LargeHiglvs.SmallLow FSpe 0.001 0.055 0.957 0.957
LargeLows.SmallHigh FSpe -0.007 -0.518 0.612 0.734
LargeLows.SmallLow FSpe -0.025 -1.825 0.087 0.260
SmallHigtvs.SmallLow FSpe -0.018 -1.307 0.210 0.315

@ FRic FEve FDiv FSpe
N °

= 25

5 2

(0} ®

%o_ofﬁ# == %EL 1 T | E9F Hi
i T TNEET LY
3 |

w0 254 .

S50 ' i

c

]

wn l I I I I l [ I I I T I I I

LH LL SH sL LH LL SH SL LH LL SH sL LH LL SH SL
Group

Figure4.7 Boxplots of andardised effect size (SES) @woleopterafunctional richness (FRic), evenness
(FEve), divergence (FDand specialisation (FSpe) between agricultural contéxts= large field, high

natural habitat; LL = large field, low natural habitat; SH = small field, high natural habitat; and SH = small
field, low naural habitat). SES = (Observadean Expected) / SD Expected. SES is calculated from 1000
randomisations of the regional pool of spes, where species frequency of occurrences and species
richness are maintained. Values differing from zero indicate that the species pool of an agricultural
context is different to that of the regional species pool.

Table4.3 Observed and expectedoleopteraspecies functional metrics. Mean standardised effect (SES)
of functional diversity metrics in each agricultural conteatculated from 1000 randomisations
(independent swap) of the regional species pddhesample ttests with>= 0 were used to determine

if the SES of each metric was significantly different to zeroT&bke4.2 for abbreviations.

Group Metric Mean SD Mean Mean SD 95% ClI 9_5% Cl t D
Expected Expected Observed SES SES low high

LargeHigh FRic 0.159 0.373 0.634 -0.493 1.240 1.226 0.303
LargeLow FRic 0.145 0.038 0.149 0.103 0.435 -0.483 0.690 0.533 0.625
SmallHigh FRic 0.091 -1.446 1.205 -3.054 0.161 -2.483 0.069
SmallLow FRic 0.152 0.193 0.428 -0.386 0.771 0.968 0.425
LargeHigh FRIicES 0.144 0.375 0.622 -0.476 1.226 1.254 0.294
LargeLow FRIicES 0.127 0.045 0.118 -0.216 0.751 -1.236 0.803 -0.563 0.613
SmallHigh FRIicES 0.046 -1.844 0.604 -2.538 -1.149 -7.335 0.002
SmallLow FRIicES 0.144 0.384 0.141 0.210 0.557 6.288 0.006
LargeHigh FEve 0.370 -0.921 0.602 -1.685 -0.157 -3.378 0.035
LargeLow FEve 0.452 0.091 0.487 0.416 0.821 -0.662 1.494 1.050 0.392
SmallHigh FEve 0.455 0.042 1.253 -1.645 1.730 0.056 0.828

SmallLow FEve 0.446 -0.055 0.526 -0.730 0.621 -0.259 0.613
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Mean SD Mean Mean SD 95% C|I  95% CI

Group Metric Expected Expected Observed SES  SES low high t P

LargeHigh FDiv 0.912 0.382 0.521 -0.296 1.060 1.664 0.232
LargeLow FDiv 0.881 0.081 0.831 -0.675 1.287 -2.368 1.018 -1.067 0.363
SmallHigh FDiv 0.823 -0.781 1.345 -2.547 0.985 -1.190 0.314
SmallLow FDiv 0.842 -0.535 0.426 -0.976 -0.093 -3.209 0.067
LargeHigh FSpe 0.235 0.339 0.646 -0.537 1.216 1.081 0.357
LargeLow FSpe 0.229 0.017 0.209 -1.245 2.169 -4.206 1.716 -1.166 0.310
SmallHigh FSpe 0.216 -0.808 0.710 -1.758 0.142 -2.358 0.082
SmallLow FSpe 0.234 0.293 0.531 -0425 1.011 1.140 0.341

Species locations in PcOA functional trait space (labelled to subfamily) are presented to aid
interpretation of thefigures illustratingunctionaldifferences between context$-eeding
behaviours, for Figures 4812, were generally distritted in functional trait space as follows,

trait 1 (xaxis) split larval predators (negative) from larval phytophages (positive) and trait 2 (y
axis) split adult predators, detritivores or scavengers (positive) from adult phytophages
(negative). When compang between small and large fields or high and low natural habitat
landscapes onlyFjgure4.16) species associations with traitate flipped (Figure4.5B).

Interpretation isconfirmedby the RLQ analysis in which axes 1 and 2 explained 75.1 and 17.1%
of the total variation irenvironmental varialdsand in species functional traits, respectively
(Figure4.17). Axis 1 was explained by larval phytophages and larvae found in roots (positive),
andlarval parasitoids, larval predators and adult pollen and nectar feeders (negdihee).
proportion of natural habitatin a landscap&asnegativelyassociated with axis (leaflitter

also celoadedonto the same environmental PCA dbxig positively)as werevegetation cover

and distance to water. Axis 2 was explained by phytophagous adults (positive) and adult and
larval detrivores or coprophages and adult scavengers (negative). Field size was positively
associated with axis 2, field floral area datlow negatively cdoaded onto the same
environmental PCA axis (PCA axis entered as an environmental predictor in the RLQ analysis)
with field size.

Regarding the additional functional diversity metrics generated by the FSECchange
analysegpanels ag ,f andh inFigure4.10, Figure4.12-14), there were no strong differences
between contexts for functionalispersion (FDisentropy(FEntjand originality(FOri)

(maximum differences were 5%, 0.04 and 2% respectieiyure4.10efh, Figure4.12-13efh).

¢tKA&d &addzZa3Saida GKFIG GKS RAALISNERAZ2Y 2F aLISOASa
functional trait spaces (FDis), the abundance weighted pairwise differences betweeasspeci

(FEnt) and the functional redundancy between species were not strongly affectaddyse
intensification at the context levekunctional identity (FIde) for trait 1 showed a positive shift

when small fields in high natural habitat landscapes weragared to other contexts (range
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10-22%), in particular smaflields in low natural habitat landscapes. This reflects that the
proportional abundance of tenebrionids (larval phytophages) was relatively low and elaterids
(potential larval predators) and nt@dids (larval predators) relatively high in small fields in

high natural habitat landscapes compared to the other contexigure4.3). For the sam
comparison of contexts Flde shifts for trait 2 were also positive but less pronounced (rgnge 3
9%) Again the greatest difference was observed between small fields in different landscape
contexts and this was due to tligssimilarities in the relativabundances of scarabids
(scavengers or detritivores) vs. elaterids and meloidids, the former having higher relative
abundance in low natural habitat landscapes with the remaining higher in high natural habitat
landscapesKigure4.3). Differences between all functional change metrics for small vs. large
fields were relatively lowRigure4.14A), differences for FD{12% dropFigure4.14Bd) and
FDis(5% drop Figure4.14Be) were greater when high vs. low natural habitahtiscapes were
compared butand-usechange still did not appear to exerparticularlystrong influence on
functional diversitymetrics in generalln large compared to small fieldsdeop in FDiv

suggests thakess of the total abundance of the commtynivas supported by the species with
the most extreme functional traits, and a drop in FRiggests that species abundances were

f Sa4a RAALISNASR TNBY (KS OSweightds fucionalitiiSspale? Y'Y dzy
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Figure4.8 RLQ Biplot showing the relationship betwe@aleopterafunctional traits(labelled point$
generated from PcOA of@wer dissimilarity matrix and PCA ordinatedvironmental variables (red
arrows) for the regional specigmol. Trait prefixes ardd = Adultand La = larvad.rait suffixes are D/C

= detritivore and coprophage, Para = parasitic, Phy = phytophage, Pl = on or in plants (not roots or
wood); P/N = pollen or nectar feeder, Pre = predator, Ro = associated withrptes, Sca = scavenger,

So = soil dwelling, WB = wood borer, Wo = associated with wood (either living or decomposing), UG =
underground, ?? = location unknown. Environmentaliables are/C = vegetation covefFA = trap

floral area; LL = leaf litteEA = floral area, DW = distance to water, F = fallow, Area = field area and NH =
natural habitat within 1LkmEnvironmental variables only loading >0.3 onto environmental PCA axes are
shown, labels in bold indicated variables loading >0.5 and negativengmdre indicated with a minus.
Axes 1 and 2 explain 75.1 and 17.1% of the total variation in in habitat type and in species functional
traits, respectively.
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Figure4.9 Principal ceordinates analysis (PcQAn aGowerdissimilarity matrix ofColeopteraspecies
functional traits for the subset of the regiongbeciespool represented by small fields in high natural
habitat contexts and large fields in low natural habitat contertisbreviations refer to thérst two
letters of family, subfamily and tribe for the species listed\ppendix OTableC1. Majorfamilies are Ca
= Carabidae, Cu = Curculionidae, Me = Meloidae, Sc = Scarabidee afenebrionidaé&red points
show the location of speciesharingsimilar trait valuesspeciescodesare linked to their location with a
grey line Where a species codes no grey lind is accurately placed in functional trait spaced.
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(c) Functional eveness

FEve = 0.34

(d) Functional divergence

FEve =0.29 FDiv=0.90
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o™
=
i
-

FDis = 24 %

(e) Functional dispersion
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(f) Functional entropy
FEnt=1.39
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(9) Functional specialisation

(h) Functional originality
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Trait 1

Figure4.10 Changes in different components of the functiodalersityof Coleopteraspecies
communitiesbetweensmall fields withhigh local natural habitat (blue) vs. large fields with low local
natural habitat (red) Families (dots) are plotted in twdimensional functional space according to their
respective trait values, where axes are traits extracted principal coordinatgsiedPCoA). Circle sizes
are proportional to species relative abundances in each agricultural contexsuBamily locations in
trait space sed-igure4.9. Note functional richness (b) is sensitive to rare species alségpendix J
Figurel9 for the same analyses with singletons (rare species) removed.
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Figure4.11 PcOA ofColeopteraspecies functional traits for the subset of the regional pepresented
by the figure titles Abbreviations refer to the first two letters of family, subfamily and tribe for the
species listed ilppendix CTableC1. Red points show the location of species sharing similar trait

values, species codes are linked to their location with a grey line. Where a species code has no grey line
it is accurately placed in functional trait spaced.
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Figure4.12 Changes in different components of the functional structur€ofeopteraspecies

communities between the subset of species found in small (blue) and large (red) fields in high local
naturalhabitat contexts Families (dots) are plotted in twdimensional functional space according to

their respective trait values, where axes are traits extracted principal coordinate analysis (PCoA). Circle
sizes are proportional to species relative abundaniceeach agricultural context. For family locations in
trait space sed-igure4.11. Note functional richness (b) is sensitive to rare species alségpendix J
FigureJ10for the same analyses with singdas (rare species) removed.
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Figure4.13 Changes in different components of the functional structur€ofeopteraspecies

communities between the subset of species found in small fields in high (bluddpwr(ded) local

natural habitat contextsFamilies (dots) are plotted in twdimensional functional space according to

their respective trait values, where axes are traits extracted principal coordinate analysis (PCoA). Circle
sizes are proportional to ggies relative abundances in each agricultural context. For family locations in
trait space sed&igure4.11. Note functional richness (b) is sensitive to rare species alségpendix J
Figurel11for the same analyses with singletons (rare species) removed.
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(d) Functional divergence
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Figure4.14 Changes in different components of the functional structur€ofeopteraspecies

communities for A) small (blue) vs. large fields (red), and B) high (blue) vs. low (red) local natural habitat
Families (dots) are plotteih two-dimensional functional space according to their respective trait values,
where axes are traits extracted principal coordinate analysis (PCoA). Circle sizes are proportional to
species relative abundances in each agricultural context. For familydosan trait space seEigure

4.5B.Note functional richness (b) is sensitive to rare species alségpendix Figurel12for the same
analyses with singletons (rare species) removed.
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4.3.2. Hymenoptera

Taxonomic metrics (richness, diversity, evenness and composition)

Figure4.15 Proportional contribution ohymenopteranfamilies to the total catclirom each agricultural
context Bar width is scaled tohte total abundance of individuals caught in each context {se#e4.4).

Apidaewere the most commonly trappeldymenopteranfamily (33.2¢ 51.7% Figure4.15)

with the remaining catch composed of a divers& of families. Relatively commandividuals

from families in the norapidae catch compant (Figure4.15) includedbethylids (2.7 5.7%),
crabronids (7.7%10.4%)halictids(6.2¢ 12.6%)megachilids (0 7.1%), platygastrids (1&

12.4%) and pompilids (2d.7.1%).At the context level, abundance was highest in large fields

in low natural habitat landscapes and lowest in small fields in high natural habitat landscapes,

however thisdifferencewas not significant at the site levalgble4.4). At the site level family

































































































































































































































































































































































































































































































































