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Abstract
Ɛĺ MonocuѴturaѴ rubber pѴantations have repѴaced tropicaѴ forestķ causing biodiversity 

Ѵossĺ WhiѴe protecting intact or semiŊintact biodiverse forest is paramountķ improv-

ing biodiversity vaѴue within the ƐƐĺƓ miѴѴion hectares of existing rubber pѴantations 
couѴd offer important conservation benefitsķ if yieѴds are aѴso maintainedĺ Some 
farmers practice agroforestry with highŊyieѴding cѴonaѴ rubber varieties to increase 
and diversify incomesĺ Hereķ we ask whether such rubber agroforestry improves 
biodiversity vaѴue or affects rubber yieѴds reѴative to monocuѴtureĺ

Ƒĺ We surveyed birdsķ fruitŊfeeding butterfѴies and reptiѴes in ƑƔ monocuѴturaѴ and ƒƖ 
agroforest smaѴѴhoѴder rubber pѴots in ThaiѴandķ the worѴdŝs biggest rubber producerĺ 
Management and vegetation structure data were coѴѴected from each pѴotķ and Ѵand-

scape composition around pѴots was quantifiedĺ Rubber yieѴd data were coѴѴected for 
a separate set of ƒƓ monocuѴturaѴ and Ɠƕ agroforest rubber pѴots in the same regionĺ

ƒĺ Reported rubber yieѴds did not differ between agroforests and monocuѴturesķ 
meaning adoption of agroforestry in this context shouѴd not increase Ѵand demand 
for naturaѴ rubberĺ ButterfѴy richness was greater in agroforestsķ where richness 
increased with greater naturaѴ forest extent in the Ѵandscapeĺ Bird and reptiѴe rich-

ness were simiѴar between agroforests and monocuѴturesķ but bird richness in-

creased with the height of herbaceous vegetation inside rubber pѴotsĺ
Ɠĺ Species composition of butterfѴies differed between agroforests and monocuѴ-

turesķ and in response to naturaѴ forest extentķ whiѴe bird composition was infѴu-

enced by herbaceous vegetation height within pѴotsķ the density of nonŊrubber 
trees within pѴots Őrepresenting agroforestry compѴexityő and naturaѴ forest extent 
in the Ѵandscapeĺ ReptiѴe composition was infѴuenced by canopy cover and open 
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ƐՊ |ՊINTRODUC TION

Demand for naturaѴ rubberķ mostѴy for tyresķ has driven sustained 
expansion of Hevea brasiliensis pѴantations across Southeast Asia 
ŐWarrenŊThomasķ DoѴmanķ ş Edwardsķ ƑƏƐƔő and tropicaѴ Africa 
ŐAssembeŊMvondoķ PutzeѴķ ş Atyiķ ƑƏƐƔőĺ GѴobaѴ rubber area totaѴѴed 
ƐƐĺƓ miѴѴion ha in ƑƏƐѵ ŐFAOķ ƑƏƐѶķ Figure SƐőĺ Rubber expansion has 
caused forest and biodiversity Ѵossķ carbon emissions and environ-

mentaѴ degradation ŐWarrenŊThomas et aѴĺķ ƑƏƐƔķ ƑƏƐѶőĺ Whether in 
smaѴѴhoѴdings or agroŊindustriaѴ estates pѴantations are mostѴy mono-

cuѴtures of highŊyieѴding cѴonaѴ varietiesķ pѴanted at densities of ƓƏƏŋ
ƔƔƏ stems per haķ that are usuaѴѴy intensiveѴy managed ŐPriyadarshanķ 
ƑƏƐƐőĺ ApproximateѴy Ƒ miѴѴion ha of ѴowŊ intensity ļjungѴeĽ rubber 
agroforestry aѴso persistķ particuѴarѴy in Indonesia ŐforestŊѴike systems 
containing muѴtipѴe pѴanted and native tree species with mixed rubber 
tree agesĸ Gouyonķ Forestaķ ş Levangķ ƐƖƖƒĸ Joshi et aѴĺķ ƑƏƏƑőĺ

There is a tradeŊoff between rubber yieѴdsķ and biodiversity and 
ecosystem function ŐCѴough et aѴĺķ ƑƏƐѵĸ Drescher et aѴĺķ ƑƏƐѵőĺ At 
the two extremesķ monocuѴturaѴ rubber yieѴds are approximateѴy 
doubѴe or tripѴe those in ļjungѴeĽ rubber agroforests ŐViѴѴamor et aѴĺķ 
ƑƏƐƓĸ WarrenŊThomas et aѴĺķ ƑƏƐƔőĺ Howeverķ yieѴds in simpѴer agro-

forests containing onѴy a few additionaѴ pѴant speciesķ particuѴarѴy 
those using cѴonaѴ rubber varieties with evenŊaged treesķ may not 
suffer this penaѴtyĺ Evidence for nonѴinear reѴationships between 
ѴiveѴihoods and biodiversity in other systems ŐFischer et aѴĺķ ƑƏƐƐĸ 
Teuscher et aѴĺķ ƑƏƐƔő opens the questionĹ couѴd rubber production 
become more biodiversity friendѴy without reducing yieѴdsĵ

In ThaiѴandķ the worѴdŝs Ѵargest rubber producerķ much ѴowѴand 
forest has been converted to rubberķ ƖƏѷ of which is grown by smaѴѴ-
hoѴders ŐSomboonsuke ş Wettayaprasitķ ƑƏƐƒőĺ Intensification of 
rubber production to monocuѴtures was incentivized via the Office of 
Rubber RepѴanting Aid Fund Őnow the Rubber Authority of ThaiѴandķ 
RAOTķ Romyenķ Sausueķ ş CharenjiratraguѴķ ƑƏƐѶőĺ Over ѶƔѷ of Thai 
rubber is now grown monocuѴturaѴѴy using cѴonaѴ pѴanting materiaѴ at 

standard pѴanting densities ŐSimien ş Penotķ ƑƏƐƐőĺ Howeverķ ƺƐƔѷ is 
grown in agroforestsĹ most commonѴy in reѴativeѴy intensive systems 
combining modern rubber cuѴtivation methods with additionaѴ crops 
ŐSimien ş Penotķ ƑƏƐƐĸ Stroesserķ Penotķ MicheѴķ Tongkaemkaewķ ş 
Chambonķ ƑƏƐѶőķ rather than jungѴeŊtype systemsĺ In response to 
price fѴuctuationsķ incentives have recentѴy shifted towards rubber 
conversion to fruit or oiѴ paѴmķ and a poѴicy promoting diversification 
through rubber agroforestry was approved in ƑƏƐƓ ŐORRAFķ ƑƏƏѵĸ 
Stroesser et aѴĺķ ƑƏƐѶőĺ Howeverķ rubber remains the dominant choice 
for smaѴѴhoѴders in southern ThaiѴand due to the weѴѴŊestabѴished sup-

pѴy chain and ѴocaѴ processing faciѴitiesķ whiѴe further northķ conver-
sion to oiѴ paѴm wiѴѴ be restricted by its intoѴerance of Ѵong dry seasons 
and coѴd ŐWarrenŊThomas et aѴĺķ ƑƏƐѶőĺ AѴthough we are not aware 
of any biodiversityŊspecific poѴicies reѴating to rubber agroforestryķ 
farmer motivations to undertake agroforestry incѴudeĹ receiving in-

tercropping pѴanting materiaѴ from RAOTķ anticipation of increased 
incomes and awareness of environmentaѴ benefits for soiѴsķ water and 
cѴimate ŐRomyen et aѴĺķ ƑƏƐѶőĺ Rubber remains the main cash crop in 
such systems ŐStroesser et aѴĺķ ƑƏƐѶőĺ To our knowѴedgeķ no study has 
assessed the biodiversity vaѴue of intensive rubber agroforests reѴa-

tive to monocuѴturesķ whiѴe research assessing measures to improve 
biodiversity in rubber monocuѴtures is aѴso scarceĺ

Agroforests with greater diversity and density of nonŊrubber trees 
provide additionaѴ food resources ŐparticuѴarѴy fruitső and may have 
greater habitat suitabiѴity for forest speciaѴists ŐCѴoughķ Dwi Putraķ 
Pitopangķ ş Tscharntkeķ ƑƏƏƖĸ Kohķ ƑƏƏƕĸ Teuscher et aѴĺķ ƑƏƐƔőĺ 
StructuraѴѴy diverse jungѴe rubber in Sumatra supports frugivorous 
birds absent from monocuѴturesķ seven to Ɛƒ additionaѴ threatened 
species and eight additionaѴ forest speciaѴists ŐBeukema et aѴĺķ ƑƏƏƕĸ 
Prabowo et aѴĺķ ƑƏƐѵőĺ NonŊrubber trees aѴso provide additionaѴ can-

opy cover that couѴd infѴuence species compositionķ particuѴarѴy of 
ectotherms ŐKohķ ƑƏƏƕĸ Wanger et aѴĺķ ƑƏƐƏőĺ Increasing height and 
density of the pѴantation understorey couѴd aѴso increase species 
richnessķ as shown for birds and butterfѴies ŐAratrakornķ Thunhikornķ 

habitat extent in the Ѵandscapeĺ Conservation priority and forestŊdependent birds 
were not supported within rubberĺ

5. Synthesis and applications. Rubber agroforestry using cѴonaѴ varieties provides 
modest biodiversity benefits reѴative to monocuѴturesķ without compromising 
yieѴdsĺ Agroforests may aѴso generate ecosystem service and ѴiveѴihood benefitsĺ 
Management of monocuѴturaѴ rubber production to increase interŊrow vegetation 
height and compѴexity may further benefit biodiversityĺ Howeverķ biodiversity 
Ѵosses from encroachment of rubber onto forests wiѴѴ not be offset by rubber agro-

forestry or rubber pѴot managementĺ This evidence is important for deveѴoping 
guideѴines around biodiversityŊfriendѴy rubber and sustainabѴe suppѴy chainsķ and 
for farmers interested in diversifying rubber productionĺ

K E Y W O R D S

birdķ butterfѴyķ diversificationķ Heveaķ Ѵand sharingķ reptiѴeķ sustainabiѴityķ tropicaѴ forest
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ş DonaѴdķ ƑƏƏѵĸ Azhar et aѴĺķ ƑƏƐƐĸ Barbosa Cambuiķ Nogueira de 
VasconceѴosķ MarianoŊNetoķ FeѴipe Vianaķ ş Zik࢙n Cardosoķ ƑƏƐƕőĺ 
In ThaiѴandķ monocuѴtures with vegetated understories had greater 
bird species richness than those without ŐAratrakorn et aѴĺķ ƑƏƏѵőĺ 
In BraziѴķ rubber pѴantations with ƐƏŊ to ƑƏŊyearŊoѴd understorey 
supported four additionaѴ butterfѴy speciesķ and were more simiѴar 
in composition to forest fragments than intensive rubber ŐBarbosa 
Cambui et aѴĺķ ƑƏƐƕőĺ FinaѴѴyķ biodiversity responds to Ѵand use at 
muѴtipѴe spatiaѴ scaѴesķ and onŊfarm biodiversity is infѴuenced by 
the wider Ѵandscape ŐTscharntkeķ KѴeinķ Kruessķ SteffanŊDewenterķ 
ş Thiesķ ƑƏƏƔőĺ In rubber monocuѴtureŊdominated Ѵandscapes of 
Southwest Chinaķ bird species richness was greater in Ѵandscapes 
with more forest cover ŐZhangķ Changķ ş Quanķ ƑƏƐƕőķ and richness 
may aѴso increase in response to greater ѴandŊuse diversityĺ

We investigated whether Thai agroforests can offer benefits 
for both rubber yieѴds and biodiversityķ using three contrasting taxa 
Őbirdsķ fruitŊfeeding butterfѴies and reptiѴesőķ seѴected because they are 
taxonomicaѴѴy resoѴvedķ reѴativeѴy weѴѴ studied in other agroforestry 
systems and ѴikeѴy to respond to different aspects of managementĺ 
Firstķ we examined whether yieѴdķ species richness and species com-

position differed between agroforests and monocuѴturesĺ Secondķ 
whether richness and composition varied in response to understo-

rey vegetationķ and the types and densities of nonŊrubber crops and 
treesĺ Thirdķ how richness and composition were infѴuenced by Ѵand-

scape compositionķ and potentiaѴ interactions with pѴot managementĺ

ƑՊ |ՊMATERIAL S AND METHODS

ƑĺƐՊ|ՊStudy region

The study was conducted in southern ThaiѴand ŐFigure SƑőķ where 
ѴowѴand Ѵandscapes are smaѴѴhoѴder rubber dominated Őfarm sizes 
ƺƐ ha to severaѴ haőķ with smaѴѴer areas of oiѴ paѴmķ orchardsķ rice 

and forestĺ The Ѵargest forest fragments were ŜƒƑƏ ha of karst 
hiѴѴtop forest and ƓƏƏ ha of secondary forestĸ others were smaѴѴ 
ŐŜƓ haő and degradedĺ Three protected forests cover mostѴy upѴand 
areas ŐƐƏƏŋƐķƒƔƏ m asѴőĺ Rain is frequent MayŋDecemberķ with a 
dry season JanuaryŋMarch ŐPhommexayķ Satasookķ Batesķ Pearchķ 
ş Bumrungsriķ ƑƏƐƐőĺ Biodiversity data were coѴѴected MarchŋJune 
ƑƏƐѵķ during unusuaѴѴy Ѵow rainfaѴѴ and high temperatures Ѵinked to a 
strong EѴ NiोoŊSouthern OsciѴѴation ŐFigure Sƒőĺ

ƑĺƑՊ|ՊSampѴing pѴots

Biodiversity data were coѴѴected from ѵƓ rubber ļpѴotsĽ in SongkhѴa 
and PhattaѴung provincesĺ PѴots were defined as evenŊaged units 
ƾƐ ha Őmean ƐĺƖƑ haķ range ƐĺƏŋƕĺѵ haő at Ѵeast ƐƏƏ Ƶ ƐƏƏ m in di-
mensions Őmeasured using GPS and Ѵaser rangefinderőķ termed the 
ļbiodiversity datasetĽĺ PѴots were categorized as monocuѴtures ŐMOķ 
n Ʒ ƑƔő or agroforests ŐAFķ n Ʒ ƒƖőĺ PѴots were chosen by first Ѵocat-
ing an appropriateѴy sized agroforestry pѴot with the heѴp of ѴocaѴ 
agroforestry groupsķ because agroforests are reѴativeѴy rare in the 
Ѵandscapeĺ AѴmost aѴѴ agroforestry pѴots above the minimum size 
requirements were surveyedķ and we then coŊѴocated monocuѴture 
pѴots in the vicinity of each agroforestĺ CѴonaѴ rubber trees were 
usuaѴѴy pѴanted at ƒ m intervaѴs in rows ƕ m apart in both systems 
ŐƓƕѵ stems per haķ Phommexay et aѴĺķ ƑƏƐƐőĺ Agroforests contained 
cuѴtivated nonŊrubber treeķ shrub or herbaceous pѴantsķ or naturaѴѴy 
regenerated wiѴd treesķ mostѴy in the interŊrow Őmean ƐѵƑ Ƽ ƑƏƕ SD 

stems per haőĺ CompѴexity ranged from one or two cuѴtivated spe-

cies ŐFigure Ɛbőķ to muѴtipѴe native tree species ŐFigure Ɛdőĺ Three 
monocuѴtures contained nonŊrubber crops at densities too Ѵow to be 
considered agroforests Őeĺgĺ a singѴe bamboo cѴumpķ Ɛƕ Ƽ ƔƐ stems 
per haőĺ Latitude of biodiversity dataset pѴots ranged from ѵĺѵƓƐƒƕƓ 
to ƕĺѵƏƑƑƏƏŦN Őƕѵ km northŋsouthő and eѴevation from ƒƔĺƏ to 
ƐƒƕĺƐ m aĺsĺѴĺ

F I G U R E  Ɛ Պ SmaѴѴhoѴder rubber farms 
in southern ThaiѴandĺ MonocuѴtures Őaķ cő 
and agroforests Őbķ dőķ with minimaѴ Őaķ bő 
or weѴѴŊdeveѴoped Őcķ dő understorey
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PѴots were cѴustered into ѵƏƏ Ƶ ѵƏƏ m ļbѴocksĽ Őn Ʒ Ƒƒő for which 
Ѵandscape composition data were coѴѴectedĺ Each bѴock contained 
two or three pѴots with centroids ƑƏƏŋƓƏƏ m apart ŐFigure Ƒaőĺ 
Agroforests and monocuѴtures were represented in each bѴock 
wherever possibѴeķ but five bѴocks contained onѴy agroforestsĺ 
BѴocks were cѴumped within five ļdistrictsĽ Őnot administrative dis-

trictsķ up to ƐƑƕ km apartķ Figure SƑőķ with pѴots ƺƖĺƏƏ km apart 
within a district ŐFigure Ƒbőĺ

ƑĺƒՊ|ՊBiodiversity data

Biodiversity data were coѴѴected from up to nine agroforestry and 
monocuѴturaѴ pѴots each dayķ to controѴ for potentiaѴ weather and 
seasonaѴ effectsĺ The number of rainy days during sampѴing was 
recorded based on fieѴd or overnight observations Őwithin ƐƏ km 
of pѴotőĺ Strong EѴ Niोo conditions during sampѴing couѴd have in-

fѴuenced sampѴing by decreasing the suitabiѴity of reѴativeѴy open 
habitats due to increased heat and decreased humidity Ősuch as 
monocuѴtures with Ѵower canopy coverőķ or by forcing some species 
into cooѴerķ wetterķ refugia Őeĺgĺ stream bedsőĺ

Birds were surveyed by one experienced ornithoѴogist ŐLĺNĺő on 
three consecutive mornings ŐƏѵĹƏƏŋƏƖĹƒƏ hrő in ƐƏŊmin point counts 
at each pѴot centreķ aѴternating the order in which pѴots were visited 

ŐGiѴroyķ Woodcockķ et aѴĺķ ƑƏƐƓbőĺ Birds within a ƔƏŊm radius ŐexcѴud-

ing fѴyŊthroughső were identified to species using sight or soundķ and 
number of detections recordedĺ A ƑŊweek piѴot phase was used to 
famiѴiarize LĺNĺ with ѴocaѴ species and the ƔƏ m sampѴing radiusĺ In 
the smaѴѴest pѴots ŐƐƏƏ m Ƶ ƐƏƏ mőķ the sampѴing radius reached the 
pѴot boundariesķ and during the piѴot phaseķ these pѴots were used to 
check the Ѵocation of caѴѴing birdsĹ this experience was used to esti-
mate the ƔƏŊm radius in Ѵarger pѴotsĺ Sound recordings were made 
of each count ŐOѴympus LSŊƐƐ Linear Recorderőķ and sounds checked 
against existing recordings ŐXenoŊCanto Foundationķ ƑƏƐƕőĺ SpeciesĽ 
habitat associations ŐdeѴ Hoyoķ EѴѴiottķ SargataѴķ Christieķ ş Juanaķ 
ƑƏƐƕő and conservation status ŐIUCNķ ƑƏƐѵő were definedĺ

ReptiѴe visuaѴ encounter surveys were conducted by one expe-

rienced herpetoѴogist ŐWĺJĺő on four consecutive afternoons ŐƐƒĹƏƏŋ
ƐѶĹƏƏ hrő in each pѴot ŐCrump ş Scottķ ƐƖƖƓőķ aѴternating the order in 
which pѴots were visitedĺ A ƑƏƏŊm Ѵong ļSĽŊshaped path in the core 
of each pѴotķ bounded by the butterfѴy traps Ősee beѴowő was waѴked 
at a steady pace for ƑƏ min whiѴe activeѴy searching aѴѴ microhabitats 
Ɣ m either sideĺ IndividuaѴs were identified in the fieѴdķ and taxon-

omy standardized to foѴѴow the IUCN Red List ŐIUCNķ ƑƏƐѵőĺ ReptiѴes 
were not captured or markedĺ To avoid reŊcounting across muѴtipѴe 
sampѴing daysķ the greatest number of detections on any singѴe day 
was used in anaѴysesĺ ReptiѴe conservation status and habitat associ-
ations ŐChanŊardķ Nabhitabhataķ ş Parrķ ƑƏƐƔő were extractedĺ

F I G U R E  Ƒ Պ Schematic of biodiversity 
sampѴingĹ Őaő survey pѴots ŐpѴot boundaries 
shown for referenceő within a bѴockķ and 
Őbő three bѴocks within a ļdistrictĽĺ GoogѴe 
SateѴѴite imagery accessed through QGIS 
in August ƑƏƐƖ Ődoes not necessariѴy 
refѴect Ѵand cover at time of sampѴing in 
ƑƏƐѵő

Legend

600 m block 

boundary

400 m boundary

containing plots

Butterfly traps/

reptile survey

Bird point count

GPS point for

land cover survey

Plot boundary

(a)

(b)



ՊՍ Պ | ՊƔJournal of Applied EcologyWARREN-THOMAS ET AL.

FruitŊfeeding butterfѴies ŐNymphaѴidaeő were sampѴed using 
nonŊѴethaѴ Van SomeronŋRydon trapsķ ƖƏ cm high and ƒƏ cm in cir-
cumferenceķ based on trap design ŲƐ from Austin and RiѴey ŐƐƖƖƔőĺ 
Five traps were set per pѴotķ one at the centre and four ƔƏ m away 
in cardinaѴ directionsķ baited with two tabѴespoons of fermented 
banana mixture ŐƕƔƏ mѴ ripe mashed bananasķ one teaspoon quick 
action yeastķ two tabѴespoons sugarķ Ɛ tabѴespoon rumķ fermented 
for ƓѶ hrőĺ Traps were set with the base ƐĺƔ m from the groundĺ In 
pѴantation systems with simpѴe canopy structuresķ this effectiveѴy 
sampѴes butterfѴies from aѴѴ strata ŐBarѴowķ OveraѴķ Araujoķ Gardnerķ 
ş Peresķ ƑƏƏƕőĺ Traps were set on the first day and checked on four 
subsequent afternoons ŐƐƒĹƏƏŋƐѶĹƏƏ hrőķ repѴacing bait each day and 
discarding oѴd bait away from the pѴotĺ Without trap Ѵoss or dam-

ageķ this gave ƑƏ trapŊdays per pѴotĺ Trapped butterfѴies were pho-

tographed ŐCanon ƕƏƏD DŊSLRķ ƐƏƔ mm macro Ѵenső and marked 
before reѴeaseĺ No individuaѴs were reŊtrapped across sampѴing 
pѴotsĺ AѴѴ anaѴyses use presenceŋabsence dataķ except where com-

paring totaѴ catch Őas a proxy for totaѴ abundance across aѴѴ specieső 
between AF and MOķ as the reѴative abundance of species is un-

ѴikeѴy to be refѴected in reѴative catches ŐHughesķ DaiѴyķ ş EhrѴichķ 
ƐƖƖѶőĺ IndividuaѴs were identified to subspecies foѴѴowing ŐCorbet 
ş PendѴeburyķ ƐƖƖƑĸ EkŊAmnuayķ ƑƏƐƑő and coѴѴections at Prince 
of SongkhѴa Universityĺ Mycalesis maѴes were identified to species 
by OĺBĺ based on unpubѴished taxonomic workĺ Identification of 
Mycalesis femaѴes requires dissectionķ so were omitted ŐonѴy ƓņƓƖ 
pѴots containing Mycalesis contained no maѴesőĺ

ƑĺƓՊ|ՊRubber pѴot management

Rubber pѴot management Őand resuѴting vegetation structureő data 
were coѴѴected from each pѴot in the biodiversity datasetĺ CuѴtivated 
pѴant species names were recorded during a farmer interviewĺ 
Vegetation structure was quantified through fieѴd measurements 
ŐFigure SƓ and textő giving pѴotŊѴeveѴ vaѴues for herb height Őcmőķ 
canopy cover Őѷőķ smaѴѴ stem density ŐhaƴƐőķ nonŊrubber tree stem 
density ŐhaƴƐőķ fruit tree stem density ŐhaƴƐő and the number of agro-

forestry speciesĺ

ƑĺƔՊ|ՊLandscape composition

Landscape composition across each bѴock was quantified by record-

ing Ѵand covers with a GPS during semiŊexhaustive surveys on foot 
Őaccess and terrain permittingő resuѴting in a mean ƐƒƖ Ƽ Ɠƒ SD GPS 
points per bѴockĺ The points were used to define Ѵand use at ƐƏƏŊm 
intervaѴs aѴong the bѴock perimeterķ once within each sampѴed pѴot 
and once in the adjacent management units in each cardinaѴ direc-

tionķ giving ƒƖ points per bѴock ŐFigure Ƒőĺ Where sampѴed pѴots were 
adjacent Őas in Figure Ƒőķ Ѵand cover of the next management unit 
was recordedĺ Where onѴy two pѴots were sampѴed within a bѴockķ 
Ѵand use was recorded in one additionaѴ management unit and its 
neighboursĺ

Land cover was recorded asĹ rubber agroforestry ŐAFőķ rubber 
monocuѴture ŐMOőķ immature rubberķ bare groundķ scrubķ urban ŐviѴ-
Ѵageķ road or townőķ naturaѴ forestķ fruit orchardķ home gardenķ cas-

savaķ oiѴ paѴmķ rice paddyķ timber pѴantation or coconut groveĺ Using 
GoogѴe Earthķ we mapped streams and riversķ and caѴcuѴated riparian 
feature Ѵength per bѴockĺ These data were summarized into six vari-
abѴesĹ percentage of the points Őhereafter termed extentső in rub-

ber ŐtotaѴ AF and MOőķ open habitats ŐtotaѴ of immature rubberķ bare 
groundķ cassava or rice paddyő and naturaѴ forestķ the ratio of AF to 
MOķ ShannonŋWiener diversity index of Ѵand uses Őusing pointŊfre-

quency dataő and riparian Ѵengthĺ
This pointŊbased sampѴing approach was vaѴidated by comparison 

with areaŊbased measures of Ѵandscape compositionķ extracted from 
manuaѴ mapping of management units using GoogѴe Earth imagery 
for a subset of ƐƏ bѴocksķ informed by aѴѴ avaiѴabѴe GPS points for 
each bѴockĺ Automated ѴandŊuse cѴassification was impossibѴe due 
to the identicaѴ canopy characteristics of monocuѴtures and agro-

forestsĺ The two datasets correѴated strongѴy ŐPearson correѴationķ 
r ƾ ĺƕƕķ p ƽ ĺƏƔķ tested separateѴy for each Ѵand cover typeĸ Figure SƔő 
supporting the vaѴidity of the pointŊsampѴing approach to quantify 
Ѵand useĺ

ƑĺѵՊ|ՊRubber yieѴds

Rubber yieѴd estimates were coѴѴected in ƑƏƐѵķ via questionnaires 
with farmersķ for a separate set of Ɠƕ agroforest and ƒƓ monocuѴ-
turaѴ rubber pѴots in PhattaѴung province with considerabѴe spatiaѴ 
overѴap to the ļbiodiversity datasetĽ ŐFigure SƑőĺ These data were 
coѴѴected as part of a wider study of farmer ѴiveѴihoods and rubber 
agroforestryķ which aѴso incѴuded data on agroforestry species com-

positionķ and is termed the ļyieѴd datasetĽ ŐfuѴѴ methods in Stroesser 
et aѴĺķ ƑƏƐѶőĺ AnnuaѴ rubber yieѴds were either reported for Ѵatex Őco-

aguѴatedķ reported as dry weightő or as ļcupŊѴumpĽ vaѴues per pѴot 
Őconverted to dry weight assuming dry rubber content of ѵƔѷő to 
give yieѴds in t haƴƐ yearƴƐ.

PѴot characteristics with the potentiaѴ to affect rubber yieѴd were 
compared between the yieѴd and biodiversity datasets using gener-
aѴized Ѵinear modeѴs and MannŋWhitney U testsĺ Rubber yieѴds in 
Southeast Asia are affected by eѴevationķ coѴd and drought ŐAhrends 
et aѴĺķ ƑƏƐƔőĺ Mean Ѵatitude of yieѴd pѴots was ƕĺƓƕƒƒƑƐŦN ŐSD 

ƏĺƐƖƖƒƏƔŦőķ and mean eѴevation Őproxy for temperature and drought 
stresső was ƖѶĺƑ m aĺsĺѴĺ Őrange ƓƑĺƏŋƐѵƓĺƏ m aĺsĺѴĺőķ differing trivi-
aѴѴy from the biodiversity pѴots Őmean Ѵatitude differenceĹ ƓƕĺƑ kmķ 
ƖƔѷ CI ƒѶĺƑŋƔƔĺѵ kmĸ eѴevationĹ ƐƓĺƐ mķ ƓĺƒŋƑƓĺƏ m aĺsĺѴĺőĺ AѴѴ pѴots 
in both datasets contained highŊyieѴding rubber cѴonesķ and mature 
rubber trees ŐƕŋƒƏ yearsőĺ

There were no differences in cuѴtivated pѴant species richness 
per pѴotķ or the stem densities of rubberķ fruit and timber trees re-

spectiveѴy Őstems per haĸ Figures Sѵ and Sƕőĺ The agroforestry sys-

tems are thus simiѴar in both datasetsķ and any effects of structuraѴ 
compѴexity or intercropping density on yieѴds and biodiversity are 
ѴikeѴy to be highѴy comparabѴeĺ
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SoiѴ type may affect rubber yieѴdĺ SoiѴs for the region are defined 
as AcrisoѴs ŐFood ş AgricuѴture Organization of the United Nationsķ 
ƑƏƐƑőķ but according to a nationaѴŊѴeveѴ soiѴ surveyķ the pѴots feѴѴ 
within six soiѴ typesķ dominated by UduѴts ŐfreeѴy drainedķ humus 
poorķ Ѵight soiѴsĸ Department of Land DeveѴopmentķ ƑƏƏƑĸ USDAķ 
ƐƖƖƖőĺ A greater proportion of yieѴd pѴots had marginaѴ ļskeѴetaѴĽ soiѴ 
types than biodiversity pѴots ŐƔƒѷ vsĺ ƑƑѷĸ TabѴe SƐőĺ It is possibѴe 
that soiѴs in yieѴd pѴots are generaѴѴy poorer quaѴity than biodiver-
sity pѴotsĺ Howeverķ within the yieѴd datasetķ Ɠƕѷ of pѴots were 
skeѴetaѴķ of which ѵƓѷ were agroforestķ suggesting yieѴd variation 
due to soiѴ type is ѴikeѴy to be present within both agroforests and 
monocuѴturesĺ

Support from RAOT during rubber pѴantingņreŊpѴanting means 
farmers tend to foѴѴow standard practices for immature rubberķ but 
experienced rubber farmers in southern ThaiѴand have diverse on-

going management practices Őeĺgĺ fertiѴization ratesķ tapping inten-

sityő once trees are mature ŐBessonķ ƑƏƏƑĸ Chambonķ Promkhambutķ 
Duangtaķ Lesturgezķ ş SainteŊBeuveķ ƑƏƐƕőĺ Howeverķ we cannot 
conceive any reason why management practices wouѴd differ sys-

tematicaѴѴy between the yieѴd and biodiversity datasetsĺ

ƑĺƕՊ|ՊAnaѴysis

AѴѴ anaѴyses were conducted in R separateѴy for each taxon ŐR Core 
Teamķ ƑƏƐƕőĺ Estimated rubber yieѴds Őt haƴƐ yearƴƐő were compared 
between AF and MO yieѴd pѴots using a generaѴ Ѵinear modeѴ incѴud-

ing pѴot typeķ soiѴ type ŐѴoamyņcѴayeyķ skeѴetaѴ or sѴope compѴexķ TabѴe 
SƐő and their interactionsĺ The AICc of this modeѴ was compared to a 
nuѴѴ modeѴĸ where ∆AICc of the aѴternative modeѴ was ƾƑ Ѵower than 
the nuѴѴķ it was considered to be informativeĺ Power anaѴysis of the 
resuѴt was conducted using package PWR ŐChampeѴyķ ƑƏƐѶőķ to esti-
mate the effect size Ődifference in yieѴdső detectabѴe with our sampѴeĺ

SampѴing compѴeteness within each pѴot type ŐAF or MOő was 
caѴcuѴated as the percentage of the estimated asymptotic species 
richness that was observedķ based on four estimators ŐJackƐķ JackƑķ 
Bootstrap and Mmeanőĺ These were compared between AF and MO 
using a MannŋWhitney U testĺ CumuѴative species richness was 
compared between AF and MO using sampѴeŊbased rarefaction ex-

trapoѴated to the Ѵargest sampѴe size Őn Ʒ ƒƖ for AFő using the INEXT 

package ŐChao ş CoѴweѴѴķ ƑƏƐƓőĺ
Species richness and number of detections or catches per pѴot 

Őproxies for abundanceő were compared between AF and MO pѴots 
using generaѴized Ѵinear mixed modeѴs ŐGLMMsőķ fitted using max-

imum ѴikeѴihoodķ with a Poisson distribution and Ѵog Ѵink functionķ 
using the LME4 package ŐBatesķ MaechѴerķ BoѴkerķ ş WaѴkerķ ƑƏƐƔőĺ 
BѴock was incѴuded as an interceptŊonѴy random effect to account for 
the nested sampѴing designķ with district and rainfaѴѴ index additionaѴ 
interceptŊonѴy random effects for butterfѴy modeѴsķ as these infѴu-

enced butterfѴy species richness ŐFigures SѶŋSƐƏőĺ The AICc of the 
fuѴѴ modeѴs was compared to a nuѴѴ modeѴ containing onѴy random ef-
fects ŐBurnham ş Andersonķ ƑƏƏƑőĺ Systematic spatiaѴ autocorreѴa-

tion of modeѴ residuaѴsķ examined using a MonteŊCarѴo permutation 

test for Moranŝs I using package SPDEP with ƐķƏƏƏ iterations ŐBivand 
ş Wongķ ƑƏƐѶőķ was not found for any modeѴĺ ResiduaѴs were tested 
for overdispersionķ but theta ŐPearson residuaѴsņresiduaѴ degrees of 
freedomő was ƺƐ in aѴѴ cases ŐBurnham ş Andersonķ ƑƏƏƑőĺ Species 
composition response to agroforestry was investigated with a par-
tiaѴ redundancy anaѴysis ŐRDAő with BѴock as a conditionaѴ effectķ 
using detection data for birds and reptiѴes Őmaximum individuaѴsķ or 
detectionsķ recorded on one sampѴing dayķ divided by the variance of 
each speciesĸ Oksanen et aѴĺķ ƑƏƐƕő and presenceŋabsence data for 
butterfѴies ŐHughes et aѴĺķ ƐƖƖѶőĺ

Species richness response to pѴot management was then inves-

tigated using muѴtimodeѴ inference ŐBurnham ş Andersonķ ƑƏƏƑőĺ A 
gѴobaѴ GLMM Őcontaining aѴѴ six vegetation structure variabѴesķ cen-

tred and standardized to zero mean and ƏĺƔ SD so that effect sizes 
were on comparabѴe scaѴesĸ Grueberķ Nakagawaķ Lawsķ ş Jamiesonķ 
ƑƏƐƐőķ a nuѴѴ ŐinterceptŊonѴyő modeѴ containing the random effects 
and a candidate modeѴ set Őcomprising aѴѴ possibѴe modeѴ subsets 
with four or fewer variabѴesķ ensuring at Ѵeast ƐƔ observations for 
each candidate variabѴeő were generated using the MUMIN pack-

age ŐBartoॉķ ƑƏƐѵĸ Grueber et aѴĺķ ƑƏƐƐőĺ The Ɣƕ candidate modeѴs 
were ranked according to AICc and weights using the BBMLE package 
ŐBoѴker ş R DeveѴopment Core Teamķ ƑƏƐƕőĺ ModeѴs with a cumuѴa-

tive weight ƾƖƔѷ were averaged by the fuѴѴ Őzeroő averaging method 
ŐBurnham ş Andersonķ ƑƏƏƑĸ Grueber et aѴĺķ ƑƏƐƐőķ using the MUMIN 

package ŐBartoॉķ ƑƏƐѵőĺ If the ƖƔѷ confidence intervaѴs of the aver-
aged parameter estimate excѴuded zeroķ it was considered infѴuentiaѴ 
ŐGrueber et aѴĺķ ƑƏƐƐőĺ InfѴuentiaѴ rubber pѴot management variabѴes 
were incѴuded in the next step of anaѴysisĺ

The same approach was used to generate a finaѴ set of candidate 
modeѴs for species richness responsesĺ ExpѴanatory variabѴes were 
pѴot type ŐAF vsĺ MOőķ infѴuentiaѴ rubber pѴot management variabѴesķ 
Ѵandscape composition variabѴes and two interaction terms ŐpѴot 
type and AFĹMO ratioķ pѴot type and naturaѴ forestőĺ ModeѴ averaging 
was appѴied to the finaѴ modeѴ setĺ To estimate effect sizes and in-

vestigate interactionsķ species richness was predicted from the finaѴ 
averaged modeѴs for each taxon using the MUMIN packageķ hoѴding 
aѴѴ other continuous expѴanatory variabѴes at the mean and incѴud-

ing mean ѴeveѴs of random effects ŐBartoॉķ ƑƏƐѵőĺ Predictions made 
using standardized variabѴes and Ѵog Ѵink function of the finaѴ modeѴ 
were back transformedķ to visuaѴize predictions reѴative to variabѴes 
in their originaѴ unitsĺ The SE of predictions from the averaged modeѴ 
was not caѴcuѴatedķ as tooѴs to caѴcuѴate prediction intervaѴs for 
GLMMs using the LME4 package ŐKnowѴes ş Frederickķ ƑƏƐѵő cannot 
be appѴied to averaged modeѴsĺ

Species composition responses to rubber pѴot management and 
Ѵandscape composition were assessed using RDAĺ A gѴobaѴ RDA 
modeѴķ incѴuding pѴot type and aѴѴ pѴot management and Ѵandscape 
composition variabѴesķ was fitted using the VEGAN package ŐOksanen 
et aѴĺķ ƑƏƐƕő without rare species ŐtotaѴ detectionsņsum of presences 
ƺƒĸ BarѴowķ Gardnerķ Louzadaķ ş Peresķ ƑƏƐƏőĺ BѴock was not used as 
a conditionaѴ effect because Ѵandscape composition was measured 
at the bѴock ѴeveѴĺ Systematic spatiaѴ autocorreѴation in the gѴobaѴ 
modeѴķ examined using an adaptation of the ManteѴ test in the VEGAN 
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package ŐOksanen et aѴĺķ ƑƏƐƕĸ Wagnerķ ƑƏƏƓőķ was not found for 
any taxonĺ Automatic backward modeѴ seѴection was performed on 
the gѴobaѴ modeѴ ŐƖķƖƖƖ permutationső with a threshoѴd of p ƻ ĺƏƔ Őa 
ļpseudoŊFĽ test statisticĹ ratio of constrained and unconstrained totaѴ 
inertia in the RDAķ divided by their respective rankső to drop terms 
from the modeѴ ŐLegendreķ Oksanenķ ş Braakķ ƑƏƐƐĸ Oksanen et aѴĺķ 
ƑƏƐƕőĺ The significance of each term in the finaѴ modeѴ was examined 
using the same methodĺ

ƒՊ |ՊRESULTS

ƒĺƐՊ|ՊRubber yieѴds

Rubber yieѴds did not appear to differ between AF Őmean ƐĺƒƓ t 
haƴƐ yearƴƐ Ƽ ƏĺѵƐ SDő and MO pѴots ŐƐĺƔƐ Ƽ ƏĺƔƓ t haƴƐ yearƴƐ; 

Figure ƒőķ and soiѴ type aѴso had no effect ŐFigure SƐƐőĺ With the sam-

pѴe size avaiѴabѴe Őn Ʒ ƕƕőķ power anaѴysis showed that we wouѴd have 
been abѴe to detect a difference in yieѴd of ƏĺƑƓ t haƴƐ yearƴƐ ŐƐƕѷ 
change reѴative to mean yieѴds of aѴѴ pѴotső given a power of ƏĺѶƏĺ We 
wouѴd have required a sampѴe of ƐƐƕ pѴots to detect a difference of 
ƏĺƐƓ t haƴƐ yearƴƐ Őiĺeĺ a ƐƏѷ changeőĺ It is therefore possibѴe that we 
have faiѴed to detect a reaѴķ but smaѴѴķ difference between the two 
systemsĺ YieѴd variabiѴity of AF pѴots was sѴightѴy higher ŐSD of ƏĺѵƐķ 
range ƏĺƏƔŋƑĺƕѶ t haƴƐ yearƴƐő than in MO pѴots ŐSD of ƏĺƔƓķ range 
ƏĺƐƑŋƑĺƓƑ t haƴƐ yearƴƐőķ but both systems show considerabѴe yieѴd 
variabiѴityķ suggesting that neither option necessariѴy reduces farmer 
risk in terms of yieѴd variationĺ

ƒĺƑՊ|ՊRubber pѴot management and structure

AF pѴots in the biodiversity dataset had greater fruit and timber 
tree species richness Őmean ѵĺѵ Ƽ Əĺѵ SE nonŊrubber tree speciesķ 

ƏĺƑ Ƽ ƏĺƐ in MOőķ greater density of timberķ fruit and wiѴd trees 
ŐƐѵƑ Ƽ ƒƒ stems per haķ Ɛƕ Ƽ ƐƏ in MOőķ smaѴѴer rubber basaѴ area 
ŐƐѵĺѶ Ƽ ƐĺƏ m2ņhaķ ƑƐĺƔ Ƽ Ɛĺƕ in MOő and greater canopy density 
Őƕѵѷ Ƽ ƏĺѶķ ƕƐѷ Ƽ ƐĺƓ in MOőķ smaѴѴ stem density ŐƑķƔƔƑ Ƽ ƔƑƑķ 
ѵƏƐ Ƽ ƑƑƓ in MOő and understorey density Őindex ѵĺѵ Ƽ Əĺƕķ Ɠĺƒ Ƽ Əĺƕ 
in MOĸ Figure SƐƑőĺ Howeverķ mean herb height was simiѴar between 
AF and MOķ because understorey management varied among pѴots 
of both typesĺ Three tree species recorded in agroforests are gѴob-

aѴѴy threatenedķ and a totaѴ of ƒƕ pѴant species were recorded across 
aѴѴ pѴots grown for a variety of usesķ incѴuding timberķ fruit and resin 
ŐTabѴe SƑőĺ

ƒĺƒՊ|ՊSpecies richness and composition of birdsķ 
butterfѴies and reptiѴesķ in agroforests compared to 
monocuѴtures

In totaѴķ ƐķƑƏƓ registrations of ѵƖ bird speciesķ ƔƓƓ detections of 
Ɛƕ reptiѴe speciesķ and ѶƏƖ individuaѴs of ƓƓ fruitŊfeeding butterfѴy 
species ŐexcѴuding femaѴe Mycalesiső were recordedĺ PѴotŊѴeveѴ detec-

tions of each species are given in TabѴe Sƒĺ Species richness esti-
mators showed that ƾƕƓѷ of species were detectedķ and sampѴing 
compѴeteness did not differ between AF and MO ŐFigure SƐƒőĺ

Agroforestry supported greater butterfѴy species richnessķ 
both at habitat ѴeveѴ ŐcumuѴative species richness across aѴѴ pѴotsĸ 
Figure Ɠcő and pѴot ѴeveѴ ŐFigure Ɠfőĺ AF pѴots contained ѵĺƐ Ƽ ƒĺƓ 
Őmean Ƽ SDő speciesķ whiѴe MO contained onѴy ƒĺѵ Ƽ ƒĺƔĺ Howeverķ 
bird and reptiѴe species richness did not differ between AF and MOķ 
whether at habitat ŐFigure Ɠaķ bő or pѴot ѴeveѴ ŐFigure Ɠdķ eőĺ MO 
pѴots contained ƐƐĺƖ Ƽ ƒĺƏ bird and Ɠĺѵ Ƽ Ɛĺƕ reptiѴe speciesķ and 
AF ƐƑĺѶ Ƽ ƒĺƐ bird and Ɠĺƒ Ƽ ƐĺƓ reptiѴe speciesĺ Detections of birds 
and reptiѴes did not differ between AF and MOķ but totaѴ butterfѴy 
catches were greater in AF ŐFigure SƐƓőĺ Species composition of aѴѴ 
three taxa was unaffected by agroforestry ŐTabѴe SƓőĺ

ƒĺƓՊ|ՊSpecies richness and composition of birdsķ 
butterfѴies and reptiѴesķ in response to agroforestryķ 
rubber pѴot management and Ѵandscape composition

Birdķ butterfѴy and reptiѴe species richness each responded to dif-
ferent combinations of pѴot type ŐAF or MOőķ pѴot management and 
Ѵandscape composition variabѴesĺ PѴotŊѴeveѴ bird richness increased 
with greater herb height ŐFigure Ɣaőķ but no other variabѴes affected 
richness ŐFigure Ɣdőĺ Predictions from the finaѴ averaged modeѴ 
showed that increasing herb height from ƒƕ cm ŐƑƔѷ quantiѴeő to 
ƖѶ cm Őmaximumőķ increased mean bird richness per pѴot from ƐƐĺѶ 
Őweighted across AF and MOő to ƐƓĺѶ ŐFigure ѵaőĺ

ButterfѴy richness was greater in AF than MO ŐFigure Ɠcķ főķ and 
was affected by an interaction between pѴot type ŐAF or MOő and 
forest extent ŐFigure Ɣfőķ aѴthough we note that few pѴots were in 
Ѵandscapes with reѴativeѴy high forest extentĺ Within AFķ butter-
fѴy richness increased with naturaѴ forest extentķ but not in MO 

F I G U R E  ƒ Պ Rubber yieѴd of agroforest ŐAFő and monocuѴture 
ŐMOő pѴotsĺ Boxes Ʒ ƑƔѷ and ƕƔѷ quartiѴesĸ thick Ѵines Ʒ medianĸ 
notches Ʒ ƖƔѷ CIĸ diamonds Ʒ meanĸ whiskers Ʒ ƐĺƔƵ interquartiѴe 
rangeĺ ∆AICc is for the generaѴ Ѵinear modeѴ incorporating pѴot type 
ŐAF or MOőķ soiѴ type ŐFigure SƐƐő and their interactionsķ reѴative 
to the nuѴѴ modeѴ Őiĺeĺ the nuѴѴ modeѴ has Ѵower AICcőĺ YieѴd is 
unaffected by pѴot type
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ŐFigure ѵbőĺ An agroforest in a bѴock containing no forest ŐƑƔѷ 
quantiѴeő was predicted to contain ƓĺѶ speciesķ which increased to 
ƐƐĺƑ species in a bѴock containing ƔƐѷ naturaѴ forest Őmaximumőĺ In 
contrastķ butterfѴy richness in MO remained at ƓĺƐ and ƓĺƏ respec-

tiveѴyĺ ReptiѴe richness was not reѴated to any measured variabѴes 
ŐFigure Ɣeķ főĺ

Bird species composition showed differing patterns to those 
of richnessĹ herb height affected composition Őas for richnessőķ but 
nonŊrubber tree density and the surrounding extent of rubberķ for-
est and open habitat in the bѴock were aѴso infѴuentiaѴ ŐFigure ƕaĸ 
TabѴe SƔőĺ The RDA modeѴ expѴained Ɛѵѷ of totaѴ inertia Őpseu-

do-F Ʒ Ɛĺƕѵķ p ƺ ĺƏƏƐőĺ The species most strongѴy associated with 
greater herb height were Hemipus picatus BarŊwinged FѴycatcherŊ
shrikeķ Leptocoma brasiliana Van HasseѴtŝs Sunbird and Orthotomus 

sutorius Common TaiѴorbirdĺ AѴthough nonŊrubber tree stem den-

sity and forest extent were uncorreѴated ŐFigure SƐƔőķ both had a 
simiѴar infѴuence on compositionĺ Species strongѴy associated with 
greater forest extent and nonŊrubber tree density incѴuded smaѴѴ 
insectivores capabѴe of using a range of habitats incѴuding scrub 

ŐArachnothera modesta GreyŊbreasted Spiderhunterķ Macronus gu-

laris PinŊstriped Tit BabbѴerķ Malacocincla abbotti Abbottŝs BabbѴerķ 
Orthotomus atrogularis DarkŊnecked TaiѴorbird and Prionochilus mac-

ulatus YeѴѴowŊbreasted FѴowerpeckerő and an openŊhabitat species 
ŐMerops viridis BѴueŊthroated BeeŊeaterőĺ

ButterfѴy species composition aѴtered in response to forest ex-

tentķ the interaction between pѴot type and ratio of AFĹMO in bѴock 
and canopy cover ŐFigure ƕcőĺ This RDA modeѴ expѴained ƐƔѷ of 
totaѴ inertia ŐpseudoŊF Ʒ ƐĺƖƔķ p ƺ ĺƏƏƐĸ TabѴe SƔőĺ To expѴore the 
interaction between pѴot type and the ratio of AFĹMOķ the RDA was 
rerun separateѴy for AF and MO ŐFigure SƐѵőķ showing that compo-

sition onѴy responded to the ratio of AFĹMO within monocuѴturesķ 
with some species strongѴy associated with Ѵandscapes containing a 
greater proportion of agroforestryĺ Species composition in AF was 
aѴso affected by forest extentķ but not in monocuѴturesķ mirroring 
patterns in species richnessĺ

In contrast to both birds and butterfѴiesķ reptiѴe species compo-

sition onѴy changed in response to canopy cover Őpositive response 
to canopy openness by some specieső and open habitat extent 

F I G U R E  Ɠ Պ Species richness of three taxa in rubber agroforest ŐAFķ circѴeső and monocuѴture ŐMOķ triangѴesőķ showing rarefaction and pѴotŊ
ѴeveѴ richnessĺ Upper paneѴs Őaŋcő show sampѴeŊbased rarefaction and extrapoѴation of detection data for birds and reptiѴesķ and presenceŋ
absence data for butterfѴies ŐexcѴuding Mycalesis femaѴesőĺ Dashed Ѵines Őaŋcő show extrapoѴation of MO sampѴe Őn Ʒ ƑƔő to AF sampѴe size 
Őn Ʒ ƒƖőķ rescaѴed to number of individuaѴsņdetections ŐbirdsņreptiѴeső or pѴots ŐbutterfѴiesőĸ grey shading shows ƖƔѷ CIĺ Lower paneѴs Ődŋfő 
show mean and ƖƔѷ CI Őwhiskerső of species richness per pѴotĸ ∆AICc is for the aѴternative modeѴ incorporating pѴot typeķ reѴative to the nuѴѴĺ 
The aѴternative modeѴ was no better than the nuѴѴ for birds and reptiѴesķ but was best for butterfѴies Őasterisks indicate support for difference 
between pѴot typeső
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ŐFigure ƕbĸ TabѴe SƔőĺ This modeѴ expѴained ƐƓѷ of inertia Őpseu-

do-F Ʒ ƐĺƕƖķ p Ʒ ĺƏƏƔőĺ
OnѴy two bird species of conservation concern were recordedķ 

both as singѴetons within AF pѴots ŐIUCN NTőķ whiѴe one forestŊde-

pendent species was recorded in both AF and MO ŐTabѴe Sƒőĺ Fifteen 

bird species were openŊhabitat speciaѴistsķ but the majority were 
smaѴѴ generaѴist insectivoresĺ The five reptiѴe species with IUCN as-

sessments were aѴѴ LC Őnine unassessedőķ and no forest speciaѴists 
ŐTabѴe Sƒő were associated with agroforestryķ pѴot management vari-
abѴes or Ѵandscape compositionĺ

F I G U R E  Ɣ Պ Species richness response of three taxa to pѴot management and Ѵandscape contextĺ Upper paneѴs Őaŋcő show response to 
managementķ Ѵower paneѴs Ődŋfő to pѴot type ŐMO vsĺ AF referenceőķ infѴuentiaѴ structuraѴņmanagement variabѴes ŐŖin aŋcő and Ѵandscape 
compositionĺ Parameter estimates Őpredicted change in species richness with a oneŊunit change of the standardized predictor variabѴeő 
are from fuѴѴ modeѴ averaging across the ƖƔѷ confidence set of modeѴsķ each containing a maximum of four predictorsĺ The centraѴ bar 
Ѵine shows the mean of parameter estimate and the bar encompasses ƖƔѷ CIĸ those excѴuding zero are considered infѴuentiaѴķ marked 
ľŖĿĺ ReѴative variabѴe importance Őproportion of modeѴs in set containing each predictorő shown above each barĺ StructuraѴņmanagement 
variabѴesĹ CanōCov Ʒ canopy coverĸ Fruōstha Ʒ fruit trees stem densityĸ Hrbōh Ʒ herb heightĸ nōAFōspp Ʒ n agroforestry speciesĸ 
Nonōrubōstha Ʒ nonŊrubber tree stem densityĸ SmѴōstha Ʒ smaѴѴ stem densityĺ Landscape composition variabѴesĹ AFōratio Ʒ agroforestŊ
monocuѴture ratioĸ LduseōShannon Ʒ Shannon diversity index of Ѵand coversĸ NFōprop Ʒ naturaѴ forest extentĸ Rubōprop Ʒ rubber extentĸ 
Stream Ʒ riparian feature Ѵength
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ƓՊ |ՊDISCUSSION

Despite recent naturaѴ rubber price decѴinesķ and concomitant reduc-

tions in rubber area ѴocaѴѴy in parts of Southeast Asia ŐZhangķ CorѴettķ 
ş Zhaiķ ƑƏƐƖőķ gѴobaѴ rubber area continues to increase ŐFAOķ ƑƏƐѶőĺ 
Future rubber demand is ѴikeѴy to drive expansion andņor intensifica-

tion of pѴantationsķ driving biodiversity and ecosystem Ѵoss ŐWarrenŊ
Thomas et aѴĺķ ƑƏƐƔőĺ This generates a need for biodiversityŊfriendѴy 
but highŊyieѴding cuѴtivation methodsĺ CѴonaѴ rubber agroforests in 
southern ThaiѴand retained yieѴds and benefitted butterfѴy species 
richnessķ whiѴe pѴot management Őunderstorey pѴant heightķ nonŊ
rubber tree densityő and Ѵandscape composition Őproportion of rub-

ber cuѴtivation in agroforestryķ naturaѴ forest extentő aѴso increased 
species richness and aѴtered composition of butterfѴies and birdsĺ Our 

findings reѴating to forest extent must be interpreted in the context 
of a reѴativeѴy smaѴѴ number of highŊforestŊcover Ѵandscapesķ and fur-
ther evidence for the importance of forest fragment cover on biodi-
versity in rubber is neededĺ We found no evidence that agroforests 
supported forestŊdependent or conservationŊpriority speciesķ but our 
findings suggest there is room for improvement of biodiversity within 
rubber pѴantationsķ without negativeѴy impacting rubber yieѴdsĺ

Our finding that butterfѴy richness was greater in agroforestsķ 
and increased further with increasing forest extent ŐrefѴected in 
compositionaѴ changeőķ suggests that agroforests may act as tran-

sitionaѴ habitat for fruitŊfeeding butterfѴies that can move severaѴ 
kiѴometres in a Ѵifetime ŐMarchant et aѴĺķ ƑƏƐƔőĺ ContrastingѴyķ mono-

cuѴtures are reѴativeѴy impermeabѴe for butterfѴies ŐScrivenķ BeaѴeķ 
Benedickķ ş HiѴѴķ ƑƏƐƕőĺ This corroborates findings of simiѴar butter-
fѴy composition between forest fragments and structuraѴѴy compѴex 

F I G U R E  ѵ Պ Predicted species richness response to variabѴes infѴuentiaѴ in averaged modeѴs of rubber pѴot management and Ѵandscape 
compositionĺ PaneѴs showĹ Őaő bird response to herb height Őno interaction with pѴot typeĸ Ѵine shows predicted effect in both pѴot typeső and 
bő butterfѴy response to naturaѴ forest extentķ and interaction with pѴot type Ődark grey Ѵine Ʒ AFķ Ѵight grey Ѵine Ʒ MOőĺ OriginaѴ data points 
shown ŐbѴack circѴe Ʒ AF pѴotķ grey triangѴe Ʒ MO pѴotőĺ Lines fitted to predicted species richness vaѴues Őpoints not shownő with a Ѵinear 
modeѴĸ CI not pѴotted as SE cannot be reѴiabѴy computed for mixed effects modeѴs
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F I G U R E  ƕ Պ Redundancy anaѴysis for three taxaķ reѴating species composition to rubber pѴot typeķ management and Ѵandscape 
compositionĺ PaneѴs for birds Őaőķ reptiѴes Őbő and butterfѴies Őcő show pѴot scores ŐAF Ʒ bѴack circѴesķ MO Ʒ grey triangѴesőĺ Predictors retained 
through backwards seѴection shown as arrowsĸ predictors significantѴy affecting species composition marked ľŖĿĺ VariabѴesĹ AR Ʒ ratio of AF 
to MOĸ As Ʒ nonŊrubber tree densityĸ Cc Ʒ canopy coverĸ Hh Ʒ herb heightĸ LS Ʒ ѴandŊuse Shannon diversity indexĸ MO Ʒ pѴot type ŐMO vsĺ 
AFőĸ NF Ʒ naturaѴ forest extentĸ OP Ʒ open habitat extentĸ RB Ʒ totaѴ rubber extent
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rubber in BraziѴ ŐBarbosa Cambui et aѴĺķ ƑƏƐƕőĺ These patterns couѴd 
be driven by increased food pѴant avaiѴabiѴityķ or microcѴimatic sim-

iѴarities between forest and agroforests Őaffecting fѴight abiѴity or 
thermaѴ toѴeranceĸ Kohķ ƑƏƏƕőĺ For exampѴeķ Euthalia evelina uses 
Anacardium occidentale and Garcinia spp as ѴarvaѴ food pѴantsķ both 
found in agroforests ŐTabѴe SƑĸ EkŊAmnuayķ ƑƏƐƑőĺ AѴternativeѴyķ the 
assertion from agroforestry farmers that herbicides were not used 
Őused in around haѴf of monocuѴturesĸ SĺBĺ persĺ Obsĺő may infѴuence 
butterfѴies via enhanced understorey pѴant diversityĺ

UnѴike butterfѴiesķ bird richness was unaffected by agroforestryķ 
but aѴtered in agroforests with greater nonŊrubber tree densityķ and 
was simiѴarѴyķ but independentѴyķ infѴuenced by greater naturaѴ forest 
extent around pѴots of either typeĺ A simiѴar concѴusion was drawn 
for cacaoķ where distance to forest and shade tree density had inde-

pendent but simiѴar effects on bird richness and composition ŐCѴough 
et aѴĺķ ƑƏƏƖőķ and corroborates findings of aѴtered bird diversity and 
composition in response to increased tree diversity andņor forest 
area in monocuѴturaѴ rubber ŐZhang et aѴĺķ ƑƏƐƕő and oiѴ paѴm ŐGiѴroyķ 
Prescottķ et aѴĺķ ƑƏƐƓaĸ Teuscher et aѴĺķ ƑƏƐƔőĺ

Birds and butterfѴies using agroforests and forest fragments may 
differ functionaѴѴy from forestŊdependent or agricuѴtureŊ toѴerant spe-

cies ŐKohķ ƑƏƏƕĸ SekerciogѴuķ ƑƏƐƑőĺ Agroforests and forest fragments 
may therefore be refugia for species that cannot utiѴize monocuѴtures 
ŐBhagwatķ WiѴѴisķ Birksķ ş Whittakerķ ƑƏƏѶőķ and their presence may 
increase Ѵandscape beta diversity ŐFariaķ Pacienciaķ Dixoķ Lapsķ ş 
Baumgartenķ ƑƏƏƕő and connectivity ŐBhagwat et aѴĺķ ƑƏƏѶőĺ Howeverķ 
this does not mean that agroforests support forestŊdependent or 
threatened speciesĺ The Ѵack of such species in rubber agroforests in 
our study echoes findings in poѴycuѴturaѴ oiѴ paѴm ŐAzhar et aѴĺķ ƑƏƐƐķ 
ƑƏƐƔőķ but contrasts with findings from industriaѴ tree pѴantations of 
Albizia and Acacia ŐSheѴdonķ Styringķ ş Hosnerķ ƑƏƐƏőķ highѴighting the 
importance of gathering evidence on biodiversity responses to differ-
ent pѴantation systemsĺ Togetherķ this suggests that conservation of 
contiguous forest ŐBarbosa Cambui et aѴĺķ ƑƏƐƕĸ Edwards et aѴĺķ ƑƏƐƏő 
or compѴex jungѴe rubber ŐPrabowo et aѴĺķ ƑƏƐѵő remains essentiaѴ for 
forestŊdependent and conservation priority birds and butterfѴiesĺ

In addition to modest biodiversity benefitsķ rubber agrofor-
ests couѴd provide additionaѴ ecosystem functions and servicesĺ 
Integration of native trees into rubber improves water infiѴtrationķ 
improving and stabiѴizing soiѴ ŐLangenbergerķ ƑƏƐƕőķ whiѴe reducing 
herbicide decreases runoffķ soiѴ erosion and Ѵoss of totaѴ organic soiѴ 
carbon ŐLiu et aѴĺķ ƑƏƐѵőĺ Maintenance of herbaceous vegetation in 
rubber couѴd be a simpѴe management tooѴ to both modestѴy increase 
bird diversity Őby up to three specieső and protect soiѴsĺ This couѴd 
aѴso improve soiѴ macrofauna diversity and abundanceķ as found in 
oiѴ paѴm ŐAshraf et aѴĺķ ƑƏƐѶĸ AshtonŊButt et aѴĺķ ƑƏƐѶőĺ Evidence from 
oiѴ paѴm suggests that reduced herbicide use does not reduce soiѴ 
fertiѴity ŐAshtonŊButt et aѴĺķ ƑƏƐѶőķ but the potentiaѴ effects of un-

derstorey pѴant competition for water and nutrients on rubber yieѴds 
ŐLangenbergerķ Cadischķ Martinķ Minķ ş WaibeѴķ ƑƏƐѵőķ and the effect 
of understorey pѴant diversity on yieѴds and birdsķ warrant further in-

vestigationĺ Further ecosystem services provided by more compѴex 
rubber agroforests couѴd incѴude enhanced pest controѴķ poѴѴination 

and decomposition ŐMaas et aѴĺķ ƑƏƐѵĸ Tscharntke et aѴĺķ ƑƏƏƔőķ cѴi-
matic stabiѴity and carbon storage ŐCѴough et aѴĺķ ƑƏƐѵőĺ

ReptiѴe richness and composition were poorѴy expѴained by pѴot 
managementķ but composition was infѴuenced by canopy openness 
and open habitat extentĺ This corroborates work in cacaoķ where 
open habitats and agroforests contained differing reptiѴe assem-

bѴages to monocuѴturesķ and canopy heterogeneity affected compo-

sition ŐWanger et aѴĺķ ƑƏƐƏőĺ Other studies assessing reptiѴe response 
to agroforest compѴexity ŐDeheuveѴs et aѴĺķ ƑƏƐƓőķ and forest cover 
around pѴantations ŐFaria et aѴĺķ ƑƏƏƕĸ GiѴroyķ Prescottķ et aѴĺķ ƑƏƐƓaőķ 
have simiѴarѴy faiѴed to find effectsĺ This may be because reѴevant 
variabѴes were not measuredķ such as Ѵog piѴesķ temperature or Ѵeaf 
Ѵitter ŐWanger et aѴĺķ ƑƏƐƏőĺ AѴternativeѴyķ reptiѴe detectabiѴity couѴd 
have been Ѵower in agroforests due to increased habitat compѴex-

ityĺ SimiѴarѴyķ arboreaѴ reptiѴes Őeĺgĺ Draco. sppőķ that may be most 
ѴikeѴy to respond to agroforestryķ are more difficuѴt to detect than 
groundŊdweѴѴing speciesķ meaning a reaѴ effect may have been missedĺ

Our finding of simiѴar reported rubber yieѴds in agroforests 
and monocuѴtures is supported by existing empiricaѴ evidence that 
rubber tree growth is unaffected by interŊpѴanting ŐWibawaķ Joshiķ 
Noordwijkķ ş Penotķ ƑƏƏѵőĺ Our data were coѴѴected under strong EѴ 
Niोo conditionsķ resuѴting in higher temperatures and reduced rain-

faѴѴ than an average yearķ which may have reduced yieѴds through 
drought stressĺ We cannot determine whether yieѴds in agroforests 
or monocuѴtures were reѴativeѴy more resiѴient under these condi-
tionsķ but this question is ѴikeѴy to become increasingѴy important as 
EѴ Niोo frequencies increaseĺ ReѴationships between yieѴdsķ agrofor-
est structure and biodiversity warrant further direct investigationķ 
incѴuding in reѴation to cѴimatic changesĺ As rubber is a canopy treeķ 
and secondary pѴants grow either beѴow the canopy or in shared 
canopy spaceķ the reѴationship between yieѴds and agroforest com-

pѴexity may differ from other agroforestry systemsĺ
Many factors affect the sustainabiѴity of agroforestry for farm-

ers aside from rubber yieѴdsĹ shadeŊgrown crops yieѴd Ѵess than un-

shadedķ and Ѵabour constraints can make additionaѴ crop cuѴtivation 
unfeasibѴe ŐCѴough et aѴĺķ ƑƏƐѵĸ Langenberger et aѴĺķ ƑƏƐѵőĺ Howeverķ 
in southern ThaiѴandķ simpѴy structured highŊyieѴding agroforestry 
not onѴy improves incomes reѴative to monocuѴturesķ but aѴso pro-

vides a sociaѴ function by generating fruit crops to share within 
communitiesķ and can provide as good or better return for Ѵabour 
ŐRomyen et aѴĺķ ƑƏƐѶĸ Stroesser et aѴĺķ ƑƏƐѶőĺ Moreoverķ farmers with 
smaѴѴer pѴots were more ѴikeѴy to practice agroforestryķ suggesting 
it provides additionaѴ benefits for poorer farmers ŐRomyen et aѴĺķ 
ƑƏƐѶőĺ Despite concerns about economic viabiѴity of agroforestry 
in some regions of Asia ŐLangenberger et aѴĺķ ƑƏƐѵőķ appropriateѴy 
designed rubber agroforestry seems to provide sustainabѴe ѴiveѴi-
hood benefits whiѴe maintaining rubber yieѴds in southern ThaiѴandĺ

ƓĺƐՊ|ՊSynthesis and appѴications

OveraѴѴķ we found modest benefits for birds and butterfѴies in 
intensiveŊcѴonaѴ rubber agroforests in southern ThaiѴandķ whiѴe 
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yieѴds were maintainedĺ Increases in nonŊrubber tree density and 
understorey vegetation height enhanced bird diversityķ whiѴe for-
est fragments were important at the Ѵandscape scaѴe for birds and 
butterfѴiesĺ Our findings echo those of studies in oiѴ paѴm and cacaoķ 
and contribute further evidence to support sustainabѴe intensifica-

tion of tropicaѴ agricuѴtureĺ
SmaѴѴ forest fragments may work synergisticaѴѴy with agrofor-

estry for some taxaķ such as butterfѴiesķ and shouѴd be retainedķ but 
conserving contiguous forest tracts is preferabѴe for forestŊdepen-

dent and threatened species ŐEdwards et aѴĺķ ƑƏƐƏőĺ Biodiversity 
Ѵosses from continued encroachment of rubber onto protected for-
ests in ThaiѴand ŐAratrakorn et aѴĺķ ƑƏƏѵő and eѴsewhere in mainѴand 
Southeast Asia ŐWarrenŊThomas et aѴĺķ ƑƏƐƔő wiѴѴ not be mitigated by 
rubber agroforestryĺ

We need further empiricaѴ research on the yieѴd outcomes of 
interŊpѴanting nonŊrubber trees and maintaining understorey veg-

etationĺ Together with our studyķ such evidence couѴd be used to 
deveѴop guideѴines for improving biodiversity vaѴue in rubber pѴan-

tationsĺ These couѴd be appѴied to technicaѴ advice for smaѴѴhoѴd-

ers Őeĺgĺ by RAOT in ThaiѴandőķ the design of rubber sustainabiѴity 
standards or to ѴargeŊscaѴe pѴantations to improve permeabiѴity of 
ѴargeŊscaѴe monocuѴturesķ such in Cambodia ŐWarrenŊThomas et aѴĺķ 
ƑƏƐƔő and deveѴoping in Africa ŐAssembeŊMvondo et aѴĺķ ƑƏƐƔőĺ As 
demand for naturaѴ rubber continues to increaseķ it is essentiaѴ that 
forests are protected against conversionķ and that highŊyieѴding bio-

diversityŊfriendѴy rubber cuѴtivation methodsķ such as agroforestryķ 
are given serious considerationĺ
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