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Figure 6.3Proportion canopy occurrence acrossspécies enrichment
planted plots at the Sabah Biodiversity Experiment.
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Ssi s abstract

Tropical Sababst Mal aysi hne 88toemedd, byarlkand u:
continued overexploitatiohomiAcdti e frerse Dtr |
increase the restoration valwue of these |
mechani sms that promotmeg trsogircadal cfadr ¢ ©t rfea
I n this thetsersm,sicfalegledex pleongient to iIinvest:i
active restoratidmggedhdiogwleesndi i @t enoear |
enri chment pl anting of di pt-cce roicwae pi crsee eadfl i
aboveground bi omass, canopy cover, and | ea
bet ween ecosystem functioning and the biod
relationship is dp&keilfyi drnivalne bgigfefpercarsce s
compl ementary effects through a more funct.
to be generated via stochastic processes a
At the 1| ocal scal e, I demonstrate that t hi
selectively |l ogged forest may benef it fror

matrix as a result -doedp emdemcte .alé vpieotlssi atci evdel ads

t h

mo

at light is a primary driver of growth a
rests. More data concerning the seedling
help to provide a moed tompgsntltdnsi ve
nal | vy, I show that survi val and growth o
st l nvestigat edgromwd i easn da csreccsosn dam yolfdr e ¢

capaci t-gr dwtrh offdrests to provide hiesh orat.i



compare actisweceest orn atailosiourivdievaatfifftyr aad égort ol
primary and secondary forests and demonst
di pterocarp forest is in an early successi
seedl i ng grruoiwtnhe natp.d IHoewvad ierf or mor e wor k to

underl yi-aage cipfeict esesponses to habitat pert.

This thesis helps to inform future restor
across Sabah. To maxi mise the benefits of
gr owt h, and socidal veal appirmgachatedatfrtelsat
utilises current ecological theory wil/ be
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Chaptéenédr al I ntroducti on

The history and current state of Southe

The | owland tropical forests of Southeast

di ver se i(matvheswertlhdolst,i n300 D)y est gl obal b i
many endemic speciSoutdecracds Avda\weart &lr ptpaowa d e
and services to the communities who depenc
ser v(iueus Loc @tncdlud,i n0Z@&@) bon sequestratio
ti mber tanmberomproducts, (Abhdamuéet;tiabhlj eBAILEN
al ., 2016 ; Pattanayak., TRO&idr, Wwalide pis®negta
t hreats they face following recent decad:e
degradation driven by | o(gQ@urntgi sanedt aaglr.i,cu @
Kanemot ol,bhe2Omalj)or ity of recent def(dOmesttat i o
et al but2®mM2a3) been particularly acute i n Sc¢
deforestation rlad efoft od(@fic lvaainddadate legal . , 200 2

al ., 2011)

Ti mber pr oduSotutohne acsot umdsmiyaens over tsherowmast f
a classical trend of rapid incSkRrasemdml ¢tow
2012)which is often obserrevreadwabnl e{ Rreegseoxuflr rcéecs
Gal |l agh.erfle ta&tcjact ment of timearwahbdeductes oa
attributed to the fact that tropicaB5fores
year | ogging cycles typic@Pdor tagprpletedalt .o, |
Shear man eotf taeln. ,r e2s0ull2t)i ng i n pr e(mMadgywmrecl ds uen

al .,. 20w1é&epall, the I nternational Tropi cal

11



2010atbado&pefr mafnoernets i hé/estiRa i f i was egpanaged

sust a(i Bladbd ggr et al ., 2011)

Indonesia Laos
25

2.04

w
o
1

N
o
1

0.54

—-
o
1

0.04

Malaysia Philippines
12

N
o

g -

w
o
1

6

Sawlog and veneer-log production (million m®)
N
o

3_

-
o
1

0 -
1960 1980 2000 2020 1960 1980 2000 2020
Year

Figur®&awl.dg ahdgveneducdowmt rfiogs fwiutrhi n So
Each curve shows amiBluatteycbéescsypihhombomor

renewabl e resolrAOSIATHe2022d from

Whil st timber exploitation is a | eading ca
isn ancreasingly important dr(iDerKorfi rdek o te
2011)One driver of this is population expart
expected to 660cmaddd bor omRDr20m20 | i i by 20
Devel opmegn2O0BA kwel | as I mproved farming e
needed to meet future agricpbtucwl i neguare
the past 50 year,sshachostsavBobliobeasedAvinaeco

devel opment t hr ougadl e ragmoit d wmigt draalgei nfr ast
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exampl e, i n Sabah, Mal aysi an Borneo, conve
the reduction of forest extent frdAmn&6 %eitn
al ., 2018; Mc Mor r plvee& sTalei g,or20@QYr)i cul tur al
with prior perceptions that degraded tropi
are simprypydwactbyof |l oggi ng, make degraded
candidates (fPRPai coamtvedlsi an2®3)lt of this pr
science has made icnontshedelrabit eZ@Gegghrmgs t he
recovering secondAsiyaforestsering Sbuebesapgpst

services secondarycfadr assds gc¢abmapr sciadl @ son

The value of siebci condd avreyr sfi d weisdesa o B § 831 e mn

functi ons

It i s wel/l documented that | and use change
bi odiversity and (eNceoanbyosltde netf uanlc.t,i 020 hl%; Wi
2020)Recent work has also warned that, aft
tropical forest may never fully recover at
(Hirota et abl ] apeeljully, shifting to a ne
bi ol ogi cal di versity and adouseywstveamn i b n atnic
grass!| &mds$ sthashiasl reedfd deyatbre@ans othls e r(tvIetaypg ers g
et al ., 2007; Mehledrnea ni s& gPruotwzi,n gzdclolyear n mparc
of fire and drought on forest( dRgmaedtatalon, :
Hamilton egteapeci OR2Y)as fine resolution a

within tlk€hlintet.aaire 2024)

Bi odiversity and ecol ogi cdli veursvaws iartiagitn.

(Fazey20ets )lmd tr encoernet | y secondar ySoturn dhpaarsd | Afs g

13



been shown to support mor e bFioordievxearnspiltey, twh
Sout he absddwaArsd g2 Oelsklhaive & 5%h atf bird and dung
were conserved bet-Weggeop.Bfemagygteamadt wed 1 (
over 100,000 observations witbhverl awbaafAdsp
Sabah, Mal agsd asshBwe chetohat f 1l or al species |
tropical forests, and whil st faunal speci e
t han a#fbouhdwatolreepsetci al i st species, which ar
and of hi gh (fBunocctkieornhaolf fv eeltuea) ra mOMLd ; o Deen
po-dt stuftBamlcew eSowtlhealtO0A9i a contains the
of ceeunndternyi ¢ bird and mammal species and t
species compared t(oSoodthhereitt rachpli,d a2@ lrlempiaccr ss

|l osses should be furtherommwmniitey .s tBrewyothudr e |

drastically even with a similar l evel of
di sturéesnsetant speci es, such as I(iChrmasy, i
2017)

Not only is biodiversity sustained, but ec

secondar@l oboltletset,set selowed2 GllIhdgtg ean dfeor est s
76 % of t oamatlleicnarribcom , eftouanld. t(h2aG2 3r)egr owi ng
secondary forests aldoauwmulladt8edd aln0d7 2Tyl &€, yefa

car bon emi ssi ons associated with humi d tro

Within Southeast Asian tropical forests, tt
sti |l | effectiPhe | c pslhbon est ades 20 2BRe;rlr o zea k
al2010Ohowed t hat, during recovery, | ogged f

five times the ralei ofi @W0LRa8mtriyd f 0orepdodf iame

14



t hat Bornean forests showed recovery rates
hi gher than Hehar Amaz endeanlonstsaapibjgent hal 0

Bornean forests adespieetihei caekbensiovoeek

Secondary forests provide additional €CO0S\)
althogsegler wvhavwes received comparatively | i mi
Amazon rainforest iIinflSewmtche sAmMBareindaklt pat:t

Costa & PtiogesyclRRO0d®)extent t hartesuwldtuciimgUS$l

billion in avoided agricul tur (@l eRitdeshsoe seti na l
2021)Secondary forests stildl retain the cap
in Brazil showed that secondary forest fr a

capturing capaciti é&i simimmr mannt eMaonrad uwie@dId\B,¢
metaamal ysis showed that restoration of agr.i
services (including soil physical and chem
services (including polllikoé&ti oeaahdnhi si mg
supporting and regulating ecosysi8&8mrsatvit
al ., . 2d0bcldbndary forests provide additional
sequestrati osne, fadirdehsstusg le c @ ihvee d comparativel

Brui j(h@4vesti gated the i mpact of forest ¢

erosion in Southeast Asia and found that s¢
average rainfall decrease from convagsion t
As assessment of | ocal peopl ebs wuse of S e
hi ghly degraded forests stildl provided a

services to | ocal communi ti es, whliecahn iwnactleur
sources, climate c(oAmbtrraon ,e ta nddio vegpVv &0 1t4ujaH e vcaa

15



secondary foreatrdotno egrocwisdem csrer vi ces i n

understood and requifeMsrmopret daldi ca2@21Y)yes

It is becoming increasingly clear that bio
wi || be cruci al i n cl i mat(eSecdhdaomg ee.ta daap.t,at 2
exampl e, the Bonn Chall enge agdlImsbhyol 308Dt or
(Stanturf. Wttt haln. .So20h®last Asia there is a
forests to contri butZengov eddr2ddllowke dmahat mSbu
Asi a has 121 million ha of degraded | and
3.43 N 12 %&roPglCOmate change mitigation thr

note the nmnrelhateivoddlityhiilsywmi ti gati on potenti al

Active versus natur al restoration of de

There is a growing debate concerning the o0\
in accel erati(rCg ofureadtl erseedveary. R&dt7qgr #thii:
measures are expensive to i mpl emenctr,ossost
Sout heast Asia but ranig(iPohg | i pemn$ 4£a0dt a, ¢
preference in policy fé€Chaettone&oGamampgssat:
give forest restoration 2al prratlliadoud asru iyt ahbilge
restoration i n Soutehnega &80 ZA&EB)a.qa e s ¢ iwonatl @d B9
costat $12(0PON0i | h @ s on) ,eta palr.ox4d Baleleil oon $i f act
exclusively via active restor dtiogpmaocrad&Eitv en
restorati onherietadr e hat the effectiveness ¢

maxi mi sed.

16



Ev

st

r e

al

A

idence on the effectiveness @ahadgi e of e:
udies suggested that ecological success i
storation in terms of bCodurxerbl gy ahda
t hough the authors warn against making r e

more raacnanhmtysmet d ocusedamn nSoceutst hd we t 208iEBH

sed on -lcowamunddtya from 11 | andscapes 1in
sults in faster accumul ation of tree base
generating sites, andsaetxxhvédliy mes-teorse dani

owth reference sPhesi pson tuesrenmts | Loif D A2Ra 2 (0l pi
tection and ranging) data to estimate t he
getnneangad actively restored tropical™forest
spectively, suggesting active restoratio
at current carbon prices in the v-bOuntar
mes to meet the current <costisesofhaactilvien
rbon gains to tHel lco&tZaiawiest 20 ht4dagi o Wh e ¢
monstrate that the projectd f eicfti sviec d es snfal

able solutions.

e clear consensus 1is that there is high
st o(rBaaniom et al ., 2023; wlkrobhzesl lgeneetl B
ing due to variation in the type and sev
ales. This heterogeneity influences the

their biomasBoactaeamubthbaled t¢p@a2tdpsome trc
t he aAmtke r Wecsats Af r i ca c@rno wtehc oweelru €9s0 % oorf s

nctioning i1 n wunder IbOuMa n dMa@ =2 op e aerts ,alr.es
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predicts a much sl ower recovery time with
metrics of recovery used ar e Piomhdreanijelty adar
noted that whilst soil functioning recover
can take between 25 and 60 years to achie
composition could take SpeaykoendetlPdluycd@2 d®hi3)
epiphytic |ichen could tak@growthospe@i gsar
l evel s. Judging the success of restoratior

extent of degradat i otna xeaxmnp egti Leunécieeddi earsad fwteh @ ¢ ¢

used.

Al t hough there is growing evidence that ac
functioning within Southeast Asian |1 ogged
met hod itself is equally importastof Bgcuhd:
restoration, policymakersfétant iseerke stso onia x

initiatives carried out.

Bi odiversity and ecosystem functioning

There i s now a considerable amount of evi de
of ecosyst gntafrwn ontail cenientg al ., 2012; | sbel |l
Til man et alith 20%®4)arliest experiments b

(Hector & HodMperrn20@a3earch into the relat
ecosystem functioning stems from a confere
argued that more diverse (Sarhmou rziet i& sMoarnes yn
Shortly afterwards, experiments showed tha

pri mary p(rNoadeuecnt ievti tayhnd r1O®@HMilli Ma®® &Y Downi ng,

18



This work was initially al most exclusivel
focused on gqMHecxcitog reitchanessl,99Buyut Ti ¢é snaar €l
relationship between biodiversity and ecos

forests. Arteedi VNet e)e(di " oet .exxcaamptl .ehe/i s t h

network of biodiversity experiments, encom
ha of | and and prfroduciwegd doezpeorrst sofpepeerear.
Within forest l'iteratec®sygyoehemrdiumgtt bai bg

recent emeéews have shown that more diverse
terms bMemaser et al ., 2021n OCheirrhe,y ean ledar pd
productivity experiment involving over 150
i ncr easleedv eslt apnrddHdulaantgi witt yYAf t er 266 @9pktCci gesaps o
had accumul ated more thampetwese ptbhescéarbt
overyielding). A study in Panama showed t
aboveground bi omass ovespdcxilas ngl ated aaf ve
(Guill emot. eFuratlher ,-2a0saddVyesreasl hnaevtea i dent i f i ¢

mi x-epecies forests and have shewrectilkat sgram

by -223%%Jactel et al ., .2Hb8vevaehrgng hats dln.c,r eZal
not necessarily result in increasedfiyi el ds
restoration in Oregon showed that when max
ti mber) , some momfoaxrurht moee cEdg®uibdas mann et
2016)

More diverse forests are al(Poetesshsi&s dFop:
2017)A -aredlaysi s based on over 600 studies

average, |l swerci Epdammabtdsetanadl .t h20s2 1le)f f ect v

19


https://treedivnet.ugent.be/

stands contained more phylogenetically dis
and accessibility. I n contrast, tree plant
from pAaadiiaagthaegit omthe rapid and extensi v
di sease caused bFertateo cfyusntgiasn apaam grworgeeenay s p | a
species of tr e(eSanbiathh i So fptlwaonat dasMboBearshdai dv,e r 202
are also |l ess sensitive to more extreme |\
(Messier andabettépn2spyuypport( Kgldred oayit cal . f
Final | yr,i cshp efcoireesst s seem to be better at mas
simultaneous!l y -proolratfidvredsttiad septesAhtelspou RO 1 & At
sequestration is a metric policymakers oft
(AguGutrie®rrez, edi afl err e 210 2 8 pecccd seyss taefm epcrt o cdea sf
focusing on how a single ecosystem functio
of biodiversity required to ddHRicedwe R Brgea

20Q07)

Mechani sms drivi-hgntheobiodivekrattygnshi

Neutral Hubbetdnd 2a0s0slogci @Aacklde c oetc eplt.s, 2007
201lals)sume that all speci esi deart iecxall oagn d atl H ayl

assembl ages are a Arandom wal ko f wnhcitciho npirneg

relationship. However, although nedatral t
commun(ilHuibebse ldnd 20019 valuable null model f
decades since its formulation the theory

i ndi vidual s h(aPwer veeggu a&l Tiuirt@Grbeeskd st d&® )t heor
focused more -bempemadve ndensaintdy competition ¢

assembl ages.

20



Early model s describing competition bet we
competition can result in the maintenance
can support higher |l efedbseaddi etc dodheil s hzan
not explicitly explain the proce-V¥al tuenrdrea |
model , describe the iIimpacts one spéoresucart
et al. , WRé&RR2)ntraspecific competition is wi
Lot\koal t erra model suggests that the total

t han any proportion bet ween each indi vi di
oveirel di ngLeoerfdeectstModkel s 20BAdR) explicitly d
competition as driven by resourTiel maompett i a
(1982cribed interspecific competition dri
example where two species compete for a si
which can sustainably reduce a resource to
efficiency and can competiti viell ynaemx eltuce .t |
argue that competition results in higher ¢

of resource utilisation.

The above modelcs eshowt ¢ hadt isopnes can prom
functioning, and the |iterature has since

biodieeonsysyem functi oniaagmprlelnmedritfemraittsyp |,

selectioboreddec& sHe Ctoomp,|l emedtrtrrity effects
perform better on average growing in a miHZX
effect can arise from species differing in
they exploit sdiwiftehriennt acroedd enu tiete,y r educe

competition, and ul t H mated!| yf ¢niacx imains ea yc canhmuy,
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Li

20

ma

i's connects back to Darwinds principles

ecialised ni ches under( Hetcd irl i & i Mg o ppeerl e
cilitation can also |l ead to compl ementar:.
tively increases the functioning of anot
enari os where a diver se choenmnduonmitnya tiesd nboyr e
ith a highLpreductet viiadtliys, ix02d2i)sti nct fr om

rely ebatersatcah that mo rwei | b i o dnicvl eurdsee ac
oductive species, as the most productive
fects t(oLobree arue aelti saeld. , 202 2; Loreau & Hec
mpl ementarity and selection effects are
nsensus is that both are( Gampdoirntaalneg etto ael
vanaugh et al ., .20Wo4;k Hoacsp eri necte aslh.i,f t2e0dl Z
e relative importance of each in natur al
nerally show positive relationships betw
tur al c omniu nfiotrieesst,s tsrhoopw caa mi x of posi t i\
an der .PIAad emp0$9)t o identify the presen:dt
fects involve modelling the |l oss of spec
i nvestigations identifying i ndi vidual

nct ( @dail mgner a amtd alorre2@d®bpn studies be
osystem (fvunctiednid@ivgeyr a200 7T ¥es wlatug hdn e rAI0OXe
ang et al . 2016; Lin etJuwmrdi.or20€t6;alMe nz@h
L5which some have attributed to | ocal cl

sks potent(@avardaghoead hplpst 280124y being

(Cardinale As aklat2obhships between plant ¢
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are typdcalklay mowm asymptote out at higher
richness of plant species in the tropics i s
without suffici-eat ny ek p(eQaer ndearnmtéhsl € oMeegt aa | .
anal yses that have tried to account for thi
selection effects are both present in the

att rciobnuttra popurt exsb et ebwards the relationship

ecosystem(fCamdt inmadiengt al ., 2011)
It is also i mportant to note that the rela
effects is |ikely Rac alea t& nipsohroaa e dy( 2diGe@pt2e)nodveer

t he mechanism decoswngtebomoflunmersoniyng shif

o

ompl ementarity effects. Although one speci

see di fferent species domi naitmna-t @vwenrg t h

o

ompl ementarity effect driven by transient

mportance of complementarity and selectio

oc al community i s ¢écemifroaprecds gbsys ab usti nag | dei fv
community under di fferent environment al

domi nati ng, on the regional scale we obse
preferred niche to maximasdcwyi ixng a@tcomploe
effelcareau et Mdre rRO€Lgrch iis needed in
relationship between biodiversity and ecos

mechanisms driving the relationshigp.

Compl ementarity andl sel ecetlipo ne xepfl faa ent st hcea ng
biodiversity on ecosystem stability. As pr

considered to have( Mog =i ert adtlCeradf .umaci2r) 2ringi cnhg:
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which may drive this relationship is the d
results in asynchrony in population change
well as how quickly popULateans&respdMazanoc
This asynchronous response between species
pr ope(rLtoireesauand20ilsO)t hought to be most effe
speci(@Yacshis & Loascauhi sl9Mma8xi mi ses asynchr
responses. An extension of (Yhacki i &ebhoisadudh

which posits that some species are functio

similar functional traits or niche require
result in | arge decrleaseau i & deanMbalasnoab u df
suggest that overyielding itself contribut.
the mean tot al bi omass reduces the relati
popul ation dynamics. Together withecomplrem
stability and functioning supported -by bio
based s(oSleudtdioonn sgt aanld. ,t h2e0 2c0o)ncept of wutili s
to achieve gl obal climate changéMgoal st i al
2021)

Effects of the existing forest matri x i

Enrichment planting takes place within a
surrounding environment to i mpact the eff
existing matrix of trees wil |l ' i kel y ¢ omy
paraees that dictate this relationship wi/l

pl anting.
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One mechanism that influences the relation
matri x i s ndgpéengdenacde,nswhgre 1 ncreases I n
nei ghbours reduces growth and survival rat
(Pet er.s,Th2i0s0 3wWa s fliarnzte n @ aOm7nOd)leldhfoy A &eE)x r i be
how natur al enemies could reduce seedling
densitiest hHiss tcomeemptdphpalsi ed t o conspecific
be applied at the genus Il evel, family | eve
conspecific tree seedlings growing closer
seedl i ngsargerrovhientge rngeBpgcihfii etadadll ts2011; Me
et ala., Fp0l2nstancfeadund 2t0H&t) seedl i ngs f ace
when in soil bel ow conspecific trees compa
of speoricadic soil pat hogens-depenttandem wet
see posi tdiewe nalfefmegattsy t hr ough f g dBirluintoa teito nal
20Q03)Secondary | ogged forests have a reduce
amel i orate extreme effects of -ntelmpteedtmaret &
(Mackay et @ilven 2t0Hé&)r ange of possible out
enri chment planted seedlings and the matri
mechani stic understanding of what factors

managemdircte sprcacnt consider them in optimisin

Liana removédéloriesdt oopt icath

Active restoration methods include other t
of seedlings. One common additional treatr
restored forest. Lianas and climpiag biambas
act as structur al parasites, considered an
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|l i dAang et. alThey 2i0mMm@gct forest -faymhmamiadse sb vy
cang@ay formati on, keeping habitat het er oge
high as a result. However, their parasitic
mat ugefsStcthni t zeas ®wDb)as how they compete

water, nut r(iksntifsaldlaegas!| &glsc hnitzer, 2018)

The effect of |l iana removal has received |
sense, |lianas increase the species richnes:
community functional di versity, alsndkeranas
biodieeonsysyem functioning theory, we mi gt
functioning with the incluseom. oFofti arnampl

|l eaves have a relatively hidfaphses®2®PH@n ws nc
the general phosphorus (IMiniotuasteikd n dwidBtsth)ih @ vter
theorised to increase the phosphorus cont e
within trodpliamagl eftoraddtds t2i0oln2a)l | vy, l i anas m
ecosystenDodBtra keinl ietfygahd (BAL9f or est pl ot s
removal directidwnwdhuefeadr elraamughlt NMixpPperi enced
growth relative to control pl ot s. They suc

understory sreeudhthglsy duedwngi ig | ocal temper

rates

However, in the context of forestry, we ar e
current consensus is that | ianas negati vel
t he t(rMapgircasch et al ., 2016; O6Brien et al .,
et al.  , Ee®in5)f i ncreased functional di vers
of -nomber |l ianas within forestry plots, f
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predicted to reduce the overall |l evel s of
can be particularly har mful i n gap environ
of -poboneer tree species affdededwi’kceclhinomaes
These negative impacts are also expected t

abundance rel at-edl anped!| denal €acsbenigmalr ai Rf04dl

et al., 2010)

Liana cutting is proposed as a management ¢
to promote seedling and adul't tree growth
effects with |Iianas. There is evatdenaien ciugpeg
with felli(rCqhmpmeredtlioord-Vialll. e g 290 0& ; $ EBiirtazae
experiment al research i{feVvésniggatiamg trleenoef
(O6Brien aeamdalthe Z2@I®Uunifuyncti onal i mpact s
more | imited.

Thesis research objectives and structur

This thesis aims to add to the evidence b,
guestions relating to tropical forest func
used to assess the recovery of a seapndfar g

| omgnning experi ment which has been recove

Given the history of the experiment and t he
by giving a comprehensive summary of fores

wel | as the history of the experreaneenrtsal wisti
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en

nt ext on the Sabah Biodiversity EXxperi me

mmari ze the wider body of forest restora

sear ch dbJhecptfii®oe 3l ti vely restored dipte
creased ecosystem functioning, and is th

d functional di versity of enrichment pl a

Chapter 3basledusree modteelsleintsee ng data t o ¢

ri chment planted tropical forean aownern alsl

effect of enrichment planting compared to

r e

S e

bi

of

t h

| ati onship between restoration success

edlings, to tedcerstyisfty ma fhuinacdtiinoawiisdgasit ef eorr de s
then test for an effeyxtpotfenftuinaclt i men@ah a ndil
odieeonsiysyem functioning retdatierdhmpaan
forest restoration di ffer bet ween Sit

eatments. Chap$eireBc eavaAd waipdt eesnbed i2©® 2 3.

search ¢hapitldow 480es a forestds surroun

e growth and survival of enrichment pl an

this chapter-pbakediake ebsdMMapf tgecbnodogy t
&ve $ hd orh pl anted seedlings within a secon
e | evel-deppfendenséety asymmetric compet i tioc
pendence i mpacts the growth and survival
affecgbed byailability within the wunder:

ol ogy and Evolution
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ear ch dICjhemptiieMew531 0 enri chment pl anted

vival rates compar-@grbetiveandt sekbkecpiaal
ests?
this chapter, | compare the survival an .

electively | ogged forest with enrichmer

wi t hi ngraomwtol df or estspelcitfalce agp pgshwecahhesipe cii deesr

any, show sensiintdiugceetdy utt ma tliogmg.i nlgi nal | vy, I

growtulmvi v-aff t battwmeen species and vawviesds i g:

across |l ogging conditi omis qglyGhaanpdt eErv o5 uwiiloln

St atement of authorship

chapters of this thesis are published
of the wor k, amud htores caonret roiubtutiincends aaf t
alongside details of publication or planne
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Chapt ésrab2ah, the Sabah Biodivers

Danum Gaps Experi ment

The Sabah Bi odiversity Experi ment exi sts
classifications,nogowerr mmemtt ad gemragiaend ,sati or
and -samafe restoration projects. The object

and context to the Sabah Biodiversity Expe

Thi s ®lreagptnessr in Sout heast Asia, where we f¢
We explore the state and describe the | an
Departmemun @&arghaisesati on managing Sabahos

cl osdlhye a&tayasan Sabah Forest Management Ar
regions. Within this management area, we Wi
Reserve, which contains the Sabah Bhedi verl
near by Danum Vall ey -GoonwéehvabrestAreaserae,
wi || explore the Danum Gaps experiment a s
Biodiversity Experiment. We wi | | provide

reiqred to support both experiments as wel
experi ments which have the potenti al for

Biodiversity Experi ment. For a summary of
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Tabl e¥. T erminol ogy.

Ter m Definition

Borneo Large island in Southeast As
Mal aysi a.

Sabah Mal aysian state occupying th:

Yayasan S

l nnopri se
Corporat.

YSF
Ar e a

Saba

Manag

h

For

Depart men

SEARRP

Da
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5 5
n

Mal u
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Sa
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E x
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Ul u
Rese

UsS M
Rese

Se
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Fo
rv

Val
vat

For

Val

Bi o
me n

Al so known as the Samhah iFomuend
devel oped to promote educat:i
residents of Sabah.

The commerci al wing of Yayas
first e X ¢ | ubsa sveed ys eicnt owoso di n c |
includes +fpodwamitam, oamgr and oi |l
Yayasan Sabah Forest Manageme
million ha) concession manag
economic benefits to residen-
The department within the st
all public forest reserves.
Sout heast Asia Rainfor@otveRe:
organi sation established to
who arfeckéytators for resear
Area and the Sabah Biodivers
A region of primary | owl and
Management Area. Classified
Sabah Forestry Department.

A forest reserve to the nor.t
ContahesSabah Biodiversity E
Currently classified as a CI
A field station on the easte
Ar ea, used for conducting re:
research within the YSF Mana:
A satellite field camp of tt
Sabah Biodiversity Experi ment
site. Managed by SEARRP.

A | arge biodiversity experir
within the Malua Forest Rese
bet ween tree diversity and
forests.

An experi ment established wi
compl etion of the Sabah iBnivoedsi
the growth and survival of
canopy gaps and understory o
A forest reserve to the west
Val |l ey Conservation Area. Cur
Forest.

Ulu Segdma Forest Reserve. /
smal l er i ndi vi dual forest r e
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forest reserves. Cont
reserves, all of whicl
the Sabah Forestry Depart
noF ACEe Foundati on Rai nfor e
rsgeal e (12,000 ha to date)
e northeast corner of the
edling stock used iahtBeoe
peri ment anduUnder Dtamruyn Exape
e
c
[
e

- Q
® o
© 3
-~ o

I NFAPRO

mo ~—=—oc =0

X O 0 >SS OO

| NI KEA I nr-hEkBAiIi gpeoj ect , alAsSoe ekdn op
ated | mowhdé cemtroal of t h
ch has restored approxi ma-
The SAFE Th Stability of Altered For
forest fragmentation experim
Forest Reserve, south of the

of habitat modi fications.

s 4
>0 =T

Sabah

Sabah is one of 13 states within Malaysia
Borneo. Sabah, originally British North Bo
makesnewmp ly 10% of t eHuit clha s.d®mSi MRidiabma & 6

Sout heast Asia, Sabah has experienced some
globally over the past 50 year s, l osing ne
its | and area) Glavemul 7 3Witlitoh,i2n2 D¥adb)a h , l and
t wo organisations: the Sabababahesttanyds Dap
Degprt ment . The Sabah Forestry Department

reservetshe whabah LabépaammeBSurveysesponsi bl

of titles for all l and that does not bel on
Department manages nearly 3.6 million hect
|l and mass,; FegrvéstltpreiTapsever classes (se

from complete protection forests to forest
three (1, VI, and VII) are deemed Totally

I n toTatally Protected Areas of forest res
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forest reserve space, additional Totally P
Sabah Parks and Sabah Wil dlife Department (

Protected Area space of nearly t waos smi ITihieon

remaining 1.9 million ha (25.9%) of the | a
is used for |l ogging or other purposes. Al
|l ogging within Sabah (i .e. , Ifaend iunsge tchhaatn gde
was estimated to be mini mal as of 2011 ac

Forests at t he Reiymeo,l dSSamtMannan 2011)

Tabl &eed forest reserve classes rmaomagdd b
al so classed as Totally Protected SMarbeaahs i n

Forestry Department (2022)

Cl ass Management funcApprox % of to
area (

ITProtecMaintenance of 1,421, 39. 38

Forest climatic or phy

( TPA) Logging is not

i For supply of t1,655, 46. 3

Commercproduce to meet

Forest demands of trac

| FfDomesFor supply of t4, 634 0.1

Forest produce for | oc

| VAmeni Folroc al amenity11, 403 0. 3

Forest work.
ViMangr For supply of n234,68 6.6
Forest other produce t

demands of t-rac

tourism activit
VIivirgi For fresesatrch pt11207, 04 3.0
Jungle Logging is not

( TPA)

VIilwWi | dIFor protection 139,50 3.9
ReservelLogging i s not

Tot al - 3,574, -
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A

(.75 P ¥Rt = @A

Forest Reserves: [ Class vii - Wildlife Reserve Parks & Wildlife Area Timber Plantations:
Class | - Protection FR I Class IV - Amenity FR [[___] sabahParks NNNY] SAFODA
[ classii-Commercial FR ~ [IIIIII] Class V - Mangrove FR [ Wildiife Sanctuary  [ZZ7777] Sabah Softwood Sdn. Bhd.

[ class Il - Domestic FR I Class Vi - Virgin Jungle Reserve

FigurMap.olf the | and within Sabah managed ¢t

Sabah Parks and Wil dlife. Each of t he seve

Wil dlife Sanctwariiens,t haer el eignednidc aby col our .
plantations, including those owned by Sabal
Corporation, the commerci al wing of Yayasa

under the chief) manestpedibsatedar irFtRmeht&olregd
ReseModifieSlabfachomFor estry , De pmaargtememe p r(02d0u2c?

per mi ssion of the rights holder, Sabah For .

The Dipterocarpaceae

Li ke many forests in Southeast Asia, the m

single family of tree species, t he Dipter
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Wit Boot heast Asia, this family maBkeskupt aat
2003)over 50% of the forest basal (aSriesa, &mor
Saridamnhdlo®yey 70% of (Bheeoagopyl9IBbom&ss rr a
200QDi)pt eraorceartpyspi cally found HeNhaw mloZ2(CkQ m 94
and are among the tallest trees in the tro
(Shenkin .etThd .Di Rt0elr9gcar paceae are a pant:
many flowering plants, in Gondwand&ashioa. ,

et al. ROKpi)te their origin, they are now

which is inhabited by the subfamily Dipter

476peciAppanah & Turnbull ,. 1PR8;o0otAdt onwet s
Monotoi deRakamndi mdhiede ace, occupy South Amer
genera and species (Fig. 2.2).

There are sever al features which make di pf

gener a¢gt gwifrmgtbut @&Bannot epi aheema®idfruidt
(Ashton et halv-d] whp@a@8erd afdmrvitmhged &ddit O
symbiotic ectomyddBrrretaird slyalr Rlodt2l)whisbh pki k e |
their dominance within the relatively cons

| owl and tropics of Southeast Asi a.
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[ Dipterocarpoideae

Monotoideae

[ Pakaraimoideae

Figure 2.2World distribution of the Dipterocarpaceae, by subfamily (Dipterocarpoideae,
Monotoideae, and Pakaraimoideae). Numbers take theABmvhereA represents genus

richness ad B represents species richness within that location. LeftensdW represent
Chatterjeeds Line and WaAshtenceed.2021)image , res.
reproduced with permission of the rights holder, the Board of Trustees of the Royal Botanic

Gardens, Kew.

Drivers of forest degradation within Sabah

Tropical timber

Despite evidence that di pterocarp forest s,
approxi mately 60 years fotoghbonvgBrepartdsbi al
2013; Philipsd®dm%tofalS.abah®z0) ogged forest
12% three times, and d&Boymad & ¥% alcohu rs uai ledgsri

round of l ogging is |ikely to have cumul a:
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(Reynolds .efThals. st0®1)f | oggi-angduiss 6v d roy ets

management wi t hiSmh etarramainc.aelt fadr.est2s012)

The timber industry has historical importar
pover {puf &t an .etl nali.t,sc &l®&rie)natl pfoosrtm, t he tir
utilised and e xepxl coliutseidv ewiggootman o noef dresgoagij ol 9 8 9)
and across the 1970s and 1980s over half o
i ndu(sRanyg, 198 ver manegf Sabah avermgwsdehi ne
ti mber production p(eDa wveerrgafrerdo @l @K HU tad 11 B!
mof ti mber pr(OReayradlods .iSatntaél7.8,h e2n0,119abah ha
a steady decline in timber exhboofr ttsr.opAiscaolf t2
was proofalteid Forestry Pépavtameotoh, t 2hP2)y i n
16% from 2021 to 2022, fparoda ctimtgal0. t2i8mbng rl ||

1.3 mi®l hi gatkhah Forestry Department, 2022)

Within Sabah, there are sever al possi bl e f
the intention when | ogoigmgg ngakhas pleaane.t hiEv
forest reserves within Sabah. AVvedraatdi gel
some form of protection status (as either

scale deforestation in the future. However

a future t-oimbepl @amt ptailoni aedr onddsgof smoc e

|l oggi ng, often referred to as O0salvage | o0g
forest reserve may also be impacted by wun
effectively facil it ad eu sceosn.v eFosrieosnt tfoi rae st earr

happen and cause more damWgkconeh,etamaldiyndg R f

the probabacitytaeatedlicenversion higher in
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variety of pathways that any one forest res

in a mosaic of | and modi ficat i-gpmeswtalc rfosrse sSt
once, t wi ce, or repeatedl y | oigngbeedr foorr ewsitl,
pl ant(aMarosnls et al ., 2022)

Palm oil agricultural expansion

More recently, palm oil production has be:¢
Sabah. Pal m oil demand has grown consi ste
production has doub9?28 ttoe2@0@ecaidle. p&lr m mc ¢
nearly 1600%, from around( Ma&l, OYDi eaamm R aol m vE@i
2022)and currently, there is over 1.5 mil/l
making up 20.5% of t halsayastieadrs Raltm | Oillank
Currently, oil palm accoutMal agsi danl®abm OI
2022)Wi t hin Mal aysi a, Sabah oidsuctime ssdcaared It

-

recently been suMaplasysidarmyP &lam aWialk Boar d, =

Palm oi l pl antations themselves are regar

6Bi oeconomy Transf(OBimad d @omo nilyr 0@Qa rapnonre,dt i on

whi ch attempted t o establ i sh a sustainab
devel opments. The aim was to make use of n
with technology, to increase human capital
Pal m oil production is viewed as a tool t o
Pal m oi l provides a reliable income source
in the <creation of highly skillddgjohbsl yac
advanced. Consequentl vy, pal m oil producti o
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century, should be viewed not only as an e

political -propemtciadsaocement on a nati on
Recognising the potential issues relating
been commitments to | imit total pal m oil a

( Yusof. \Woti®i)n Sabah, steps have been take

equitability of( NgheetnaatllT.b,eas2e0 2e20)ohocg vol unt
in international certification standards (
which are more stringent than Malaysian | e

compared to nati tmalbbetbsd Haweveantionalbicis
often intention i g Ngoleltowd As uguO&R)hcacti on
required to not only identify the ecologic

forests but also to adequately cmanknumsg .cat e

The Sabah Biodiversity Experiment

Yayasan Sabalthe Malua Forest Reserve, and historical logging

The Sabah Bi odi vietrisp it /y/ wBwwp eraibmérrbti p @ ii wser s i

|l ocated in the southern section of t he Mal

occupying 500 ha o teeerdB8e 969 ha (340 km

The Malua Forest Reserve is part of the | ¢
(YSF Management Area), a reserve approxi ma
owned by Yayasan Sabah (The Sapahr Fbondat
conceskomowm i nceeasomgcssestandards for the | oc¢

2. 3) . The majority of the YSF Management A
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http://www.sabahbiodiversityexperiment.org/

1990s, with Malua being |l ogged in the 1980
during this period no |l onger exist, we kno
(also within the YSF Management Arémd had
of useable timber, °twd(tRhe ypneoa kdss .neethhma Isg, {127l
represent some of the highest harvesting d
also know that the Malua Forest Reserveos

more gentle slopes and deep BbOlsvppdbr sogt 8g
densities. As such, harvesting quantities |
Reserve. This timber was used al most excl u
town of Lahad Datu a@hdrcatdescwi phi onSabahc
in Sabah, see the supplementary text in A
reserve heavily degraded but with a signif
in regions awalyi{flead w&kndi ng am&sh i(m™ary hand
& Greer, cile@@a2)ng a fragmented ecosystem wi

remai ning.

Under the original |l ogging plan, |l ogged f ol
regeneration in between | ogging cycles. Th
a result of an agreement bet weenpuCQhpi nmai |dn
which requiorfed a3n0d6 Owiktmmi n YSF Management Ar
growing plantation. Thi s region included

designated regions began in 199%andodeal t Im
2001, |l ogging contracts had already been i

second time between 2003 and 2007. Thi s ev
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ot her forest coupes, and the vast majority

2010.

Sabah Biodiversity
Experiment

YSFMA Reserve Classes
B Class I - Protection Forest
X3 INIKEA [] Class II - Commercial Forest
[ Malua BioBank [ Class VI - Virgin Jungle Reserve
Class II planned or currently used for oil palm production

Wider Experiments

E sare

INFAPRO Planned Extent
INFAPRO Current Extent

Figurerhe. ¥ayasan Sabah Forest Management
Experiment | ocation is indicated on the me
projects and forest wiltalsisn ftilceatmamasg eome reta cd

in the |l egend by shading and colour.

The Ulu Segama Forest Reserve began to be
abandoned. At the ti me, the forest was e X
sustainabl e management practices were redu
dameter at breast height for trees eligibl

steeper sl opes (greater than 25A) were per
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y a

r e

st

r e

t h

a

rding, adhidp toetrhoecrarmpont r ees were permitted
duced mini mum di ameter and increased maxi
il appr o’xhidnbaetcealuys e f sorfenstthehaving had | i
generation. An additional consequence wa:¢
e logging reserve were targeted, reducin

more homogeneous!| yy add magvead ulaa nfFdosrceaspt e Roevse

nd, was | argely |l ogged using reduced i mpe
Il i ng assessment s, mapping of pl anned sk
rvesting asnicaze ntto tpreetsect

|l l owing the skaoweastriongd the mdalsua and Ul
rged with sever al ot her forest reserves
l ua Forest Reserve (USM Forest Retsheer ve;
u SeMpdma Sustainable Forest Management P

th the goal of sustainabl e forest manag
ovision of ecosystsaem!| €e rfwireesd. oPpevartalt il
thin the USM Forest Reserve, and both CI

eas) are represented within the reservebo:
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A

Sabah Biodiversity Experiment

Lahad Datu

Ulu Segama-Malua
Forest Reserves
[ Malua FR

[ Ulu Segama FR
[ Bukit Piton FR
[ Kawag Gibong FR
[ Merisuli FR

[] Sungai Taliwas FR
[l Sebagaya FR

[] Sapagaya FR

[ Mount Louisa FR
[ Extension Mount Louisa FR
[ Extension Danum Valley FR

Danum Valley
Conservation Area

Figure 2.4The Ulu Segamdalua Forest Reserve and its component forest reséviss.
region almost totally encircles the Danum Valley Conservation Area and includes the

Sabah Biodiversity Experiment. FR = Forest Reserve.

The Sabah Biodiversity Experiment

I n 2000, a suitable | ocation for an exper.i
of the Malua Forest Reserve (05A056200606 N,
had been | ogged -lionggihreg 1t9i8Mker TW&R Pinew was ¢
1 with dipterocarps compr i-316flget Hee crhajro reitt
(2011Yhe soil i's classified as orthic acri
highly weathered, and generally | ow in bot

organic carbon content (at the experSiamenmnt

et al). (2009)
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Th

gr
bl

e experimental déai RO0OomsixsO®0om)1psot sl
ouped into two blocks separated by an ol
ock and 64 plots in the sout herren lbelfotc ka s
turally regenerating control s, wi t h no
der went enrichment planting, where 20 pa
re established in each pl ot wighl il®e sm
emsel ves were kept clear of otheetsesgdl
seedling was ptabevped eaehypthneeng, givi
r planting line. To plant these seedling
edlings on their person in wire mesh bac

ne (Fig. 2.6).
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20 parallel Iin‘es, 10m apart

(-
Seedlings planted on
each line, 3m spacing

;

Malua Field
Camp

Planted Species Richness
[ Unplanted Control

0 250 500 750 1,000 m | 16 with Enhanced
[r— [r— Liana Removal

Figurdeei §n of t he Sabah TBieodSakkalki By o ckixv
Experi ment comepritaee p2oHtbBoumseparated i ntc
Each plot was assigned one of five major t
pl anted using either opéotBoenriohmenkt eeéect
species and underwent an additional | i ana
the |l egend by colour. The Malua Field Camp
100 m west of pl ot one T(olpa bdeil d metd e ave h he rar iw
planted plot, dipterocarp seedlings were pl

apart .
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FigurSeedléing planting and monitoriAgAat tF
typical seedling atB)t iwotienmgeafchiassi ptl am

and survival surveys of seedlings at the e

Planted species richness

Of the 112 enrichment planted pl ot s, each
species richness diversities: one, four, ot
a set of 16 species that werefhvai kbabl aumhb
These 16 species -weewinegir olwme nitn pslianngtlieng
combined to form enrichme stp(eMeliraymtridnge tplaolt.s,
For plots with more than one species plant
To help provide practical recommendati ons,

| NFAP&ROr i chment pl anting techniques during
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seedlings was supplied by the | NFAPRO seedl

(see bel ow).

Genus diversity and canopy structural complexity

The I nt er mepdeicatees fdawrer si ty l evel i s comp
compositions that produce two further trea
treat ments mani pul ate genus di versity (tw
complexity (two | evels). The genus diversit
comprising two or four dipterocarp gener a.
al so features two | evels that eitherghbhombi
or with a wider range of these predicted I
genus and canopy structur al compl exity com
of the four treatments, eambls,wietalc hf awerplr eml

t wo DI ocks

Liana removal

Si xteen plots ofsptelhca emgs tmi kitwerese ulnd@&r wen
removal (6cl i mber cutting6) across the ent

enrichment planted plots with the sache num

wi tbmnmetarei t her side of each planting | ine
cuttings took placel@hotwoweragest Iin Jbhky:
in June 2Mldtsheas well as six plots in t
round of | iana removal. During each cut, a
their base in |ine with standa(VerMadrady sdtan
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20383 For a complletvel | tsteatomenptilsotwi thin t|

Experi ment see Table A1 in Appendi x A.

Planting and replanting

After the initial cohort of seedlings was
2003) , a second cohort was planted to repl
planted from SeptemiWeryan@®e@Bohlb®huigongtr @2p08
exact numbers of species which suffered mor
pl ot . I n combinati on, the two planting col
di pterocaf(f¥yerseeterddlgn,gB2102her details of the
Sabah Biodiversity Experimen{Heabhobeetoahd

Tuck et al., 2086; Veryard et al., 2023

The Sabah Biodiversity Expsciamentprwaecdest
provide relevant insights into forestry an
hi ghest esekpadamdnobpéal desi gn. However, t he
conditions surrounding this experi ment me &
were not as practical or safe to carry out

t hesei claolgicshtal | enges and constraints can be

Malua Field Camp

Due to the | ocati on of t he Sabah Bi odi ver
required. The Malwua Field Camp is a satel!/l
|l ocated to the i mmediate west of t heel dsout h

station can support around a dozen field r
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al so equipped wi t-lhi acppaert genamatarsedw! in
t he Sabah Bi odiversity Experi ment and al l
seedlings. Whilst 16 species of diSpatbearhoc ar
Biodiversity Experi ment, in total 32 tropi

satellite research projects conducted at M

Due to t-bhe gOVd®mMi c, the field site was cl

during which the site fell into considerahb
were damaged by el ephant s, reduciongst b c
researcher s. I n April 2023, access to the
road used for access, and field operations

Survey frequency and intensive plots

Due to the size of this experiment, onl vy
Experi ment have taken place. The first ( Nc
before the planting of the second cohort,

Sepbem 2013) includes both cohorts. A thir.:

t he di amettd rmaditavvoeesct he base of each seedl i ng
enough, the diameter at breast hevghal ( méa:
the seedling was also recorded (i .e., if d

Because of the size of the Sabah Biodiver si
i n t he Sout hern bl ock cl ose t o t he Mal ua
regul arly. These six pisptexci(€e3, pollfy&aqufl Xduhriedsk

(5, 11, and 14) have also received the |iar
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beenmch more frequelnmMtdtyalsuswreweyls two tchate r
2020. There was a pausel9npasndemyc ngudduse ¢ d
resumed at the Sabah Bi odi vaercsoinipyl eH xep etriimee
seedling planting, full censuses, i ntensi v

during the current |ifetime of the Sabah B
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Tabl 8h2. 32 species used in each Sabah Bi od

Publication numbers are assigned to each
Experi ment and can be indexed in Table A2.
used within that publicati on.

Sabah Biodiversity Experiment paper number

Family Species 1 2 3 456 7 8 91011121314151617 1819 2021 22 23 24 25
Dipterocarpus caudiferus_.
Dipterocarpus conformis
Dryobalanops beccarji
Dryobalanops lanceolath
Hopea ferrugine
Hopea nervosg
Hopea plagatd
Hopea sangd|
Parashorea malaanongn
Parashorea tomentel
Shorea argentifoli
Shorea atrinervosp
Shorea beccarianp
Shorea faguetianp
Dipterocarpacde Shorea falla;
Shorea gibbosp
Shorea guis
Shorea johorensi
Shorea leprosul
Shorea macrophyll
Shorea macropter
Shorea mercistopteny
Shorea multiflorg
Shorea ovalig
Shorea parvifolig

Shorea parvistipulatg .
Shorea pauciflor
Shorea superbp

oo Th

X [

Vatica albiramis
Malvaceag Durio oxleyanu
Durio zibethinus

Fabacede Koompassia excelga
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SBE Planting and
replanting

SBE censuses

Intensive plots
surveys

Danum Gaps-
Understory surveys

Liana removal
studies

Drought studies

NSC studies

Light availability
studies

Ectomycorrhizal
studies

Carbon baseline
studies

Soil Respiration
studies

Topography
studies

Genetic diversity
studies

Conspecific density
dependence studies

Defoliation
studies

Seed predation
studies

2000

— —
— —
o oo oo o
- - - .
e ——
—
I
I
]
— — —
—
— o
|
—
[
o
B
R
.
o —] =
=
-

2002 2004 2006 2008

2010 2012 2014 20

T T T T
16 2018 2020 2022 2024

Figure 2.7 Surveys and studies carried out at the Sabah Biodiversity Experiment (SBE)

since its inceptiorRed bars indicate planting at the SBE, blue bars indicate direct censuses

of plots at the SBE, and green bars indicate times that other studies were carried out at the

SBE or at the nearby Malua Field Camp. Studies are grouped by type and can appear in

multiple groups if they contain multiple themes.
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Wider Malua

Al t hough the Sabah Biodiversity Experiment
| ogging due to the presence of the project
|l ogged between 2003 and 2007. The Sabah Bi
the wider Malua Forest Reserve to estimate

creation of Wuhet eaprroWwd® 20D ggi pgst veget at i c

the Malua Forest Reserve declined by 3% ol
|l ogged regions, whil st the Sabah Biodiver
vegetation cover. This t hedyMabhlusao Fes esina
approximately 2.7 million Mg of bi omass d

120, 000 Mg of Dbiomass was directly spared
Exper{Wenet alAss®mi2®g t hat the majority of
of tree st dmsofanndootdh Mbsr&titilaro masn( EgQLE&Ft on et
20Q6)approxi mately 57,000 Mg of! cwabodil est
avoided as a result of the creation of thi
estiAManer, etuswmdd LI2ZMDAR)and satellite i magin
Mal ua Forest Reserve had an averagemnalboveg
the negrbwtbl &@&anum Vall ey Conservation Ar e;
207 MgtP@QiHd psonsadowald. tha®20®@he naturally r
Forest Reserve (adjacent to the Malwua Fore
Mg Clyta@ar This esti mdtoegsgitnigpe f20®&& tp acsatr bon d
hdand a direct carbon ! osismiava@ai dtamctehe® fe d83i2

Wu et al . (2020)
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Danum Valley Conservation Area

Within the YSF Management Area, south of 1
encircled by t heMaé mtai rFeor @lsu Regama e, IS
Conservati on?(Mr3ea800a h4a3)8 pkinece of pri mary f
|l ogged and potentially has no hi {tMaristhal& r
Greer, TOG98)region is within Yayasan Sabaho¢
| argely unexplored when the concession was
the NA83@i tch, 1955;t Hhe ofnigr,stl 9r7e4dd!l expl or at
sur veRist cohyah®ébgy .( U9N741)976 an expedition wq
the Sabah Parks Board and WWF Mal aysia to
recommended the establishment of a national
of t he Danum River bownhtthryhéeéesongtdefi ned
Despite initial work by Yayasan Sabah to act

some 20,000 ha of proposed protected area

l oggedr sh & Gr deir ,r elsPP2n)s e, in 1980 the r el
Yayasan Sabah (so that the | and could not
zone for the protection of wildlife, whi c

ManagemegnSta bPalha,n SLi9n8c4e) bei ng cl assed as a proc
Conservation Area hlasggrienmgai anredd Hasebdeamms
restoration projects within the USM Forest
recently through the subsequent recl assi fi
Protected Area in DM®1%.m @irv emartyh dtowl esnsd tdh ¢
remains(ReySabadbk, ethab.jis2amgptabi mposmeant t

for | owland dipterocarp protection.
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Danum Valley Field Centre

The Danum Valley Field Centre was establis
research into sustai nab(lMarfsohr e& tGrnméhdnra, g felinBednz
centre has continued to expand, and can no\
assistant s, tourists, and permanent staff.
three hours away from Malua FielweaCamp b

conditions.

Danum -BGagdgserstory Experi ment

After the initial planting of the Sabah Bi

avail able at the | NFAPRO nursery, as were s
remaining seedlings, a small er e&hpdrliipemtn,
Andy Hector, and coll eagues to investigate
naturally occurring canopy gaps and wunders

The forest surrounding Danumi ¥YaltkekgatFveld |
Sabah Biodiversity Experiment and had near
and monitoring | ess lkagiesi imeakt!| yschalfleemngid

Gaplsnderstory Experi ment .

The difference in forest t ylpnede(rpsrtiomayr yE xfpoerr

and secondary forest for the Sabah Biodiyv

experiment al design could not be conserved
regul atory reasonsttiFomg liinsessnaad ckeaawvi ng
permissible in a Class | protected forest
within the Danum Vall ey Conservatilmhen tAwea v
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experiments share many of the same planted
from the same initial seedl i ng .Ftoogclk, nmeoxEe

compl ete compari son between both experi men

Danum Gap and Understory Pl ots

Extending from Danum Valley Field Centre ar

created for research but more recently hav

Al ong sever al of these trails ay eextpheer ipnheontt
(Fi g. 2.8) . Speci fically, these ©plots | i €
060Tembel i ng Waterfall High Roaddé trail, and
Al ong these trails, 20 sites were identifi
each | ocation (subsequently defined as a j
Within each subpl ot 25 seedlingt he®ch5f x
0.75 m spacing. For each plot under a canoy
at a random compass bearing, in a region o
subpl ots were established wianrho ptyh eg aspasmep |noe
2.9) . A tot al of 20 blocks were establish
subpl ot s. I n tot al 2,000 seedlings were q

Biodiversity Ekperi mémanit edwesrpfteicviee sg ecnaemea fc
Di pterocarpaceae famiDwri andgrfaweMHtmwmesad e s e
family. For a complete |ist of species pl a
Sabah Biodiversity Expern memd , D dlbu tneer@setp carlys
e X per Bhnoerheear ¢ mgaisn enadt pl ant e éJnidne rtshteo rDya nEuxnp e

due to | imited seedling availability). The

56



2004, approxi mately one year after the <cor
Sabah Biodiversity Experi ment . Unl i ke the

was carried outUnfdoerr stthoer yD aEnxupne rGanpe nt .

West Trail =

A & t
Large bridge Road to Lahad Datu

**&—— DVFC Reception

PG
Small bridge \.J 22N Research offices

*

Danum River
\ 5 “~_ Researcher

resthouses

Tembaling

«—_ High Road

Tembaling
Rhino Pool Low Road

Trail

Walking Route
O Experimental plots

FigurRl a2nt8i ng | ocati damdefr stloe yD&niprar@anght pl

mar ked as white points along each trail (st
Fi eCedntre. Trai l names are indicated with
Danum Valley Field Centre are indicated wi i
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4 L 4 4 ® High canopy Low canopy
openness openness
4 4 . 4 .
25m
® ¢ ® ) R
*—¢ ® ® ®
0.75m
1 0.75m
[ B @ @ @ 9

Figure 2.9 Experimental planting design for each subplot, plot, and bi@ckTwenty

five seedling species are planted in a grid with individual spacing 0.75 x 0.75 m to form

one subplot.B) Two subplots make up a plot in either a high or low canopy openness area,

which are paired together and are no more than 25 m apart. Both plots (and all four
subplots) make up a single block. Within 20 plots, one subplot had drought treatment later
applied using a plastic sheeting (indicated by a grey box over one subplot). In 15 blocks
this was applied to a high canopy openness plot and ithiivevas applied to a low canopy

openness subplot.

Droughting treatment

As aexmudri ment , clear polyethylene plastic
within 20 plots. In 15 of these cases, a (gsé
pl ot was us@daBr(iTeamb | &t) AdIlT.hi 202 al ance was
mortality and sl ow growth in the understor

|l ogistically difficult.
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Survey frequency

As this is a smaller experiment than the Se
i s |l ocated nearer the Danum Vall ey Field Ce
were ongoing from 2004 until 201l7t,edantdo 1d9 tc
Il n 2023, addi tional surveys of the Danum (
surveying to resume. Bet ween 2017 and 202:

furthest along the West Tr aiol t(rsee fRIiIlId. 2Z.hé

Gaphsnderstory Experiment bbowclké$fectively co

Recent advances of the tribe Shoreae

Of the 25 dipterocarp species planted in t
Gaphsnder story Experi menShourle8dhb esl ognegn utso htalse
the bul k of tradAhshdopt &r e akmph hshandresr & 0p2a2r)
i mportant group within the Dipterocarpace:
taxonomy of the tribe Shoreae (Dipterocarp
made based on embryol og(iAsahlt oann d& nibel cekceunl haaru
which has split speci eShotrgemat usweiret opreev ®emn

(includitihg@emmhoseSehdoyiem For the purposes of (

publications coming from the Sabah -Biodiywv
Understory Experiment, this thesis wildl re
of pl anting, but fsorata tlhiestt iaonfe o@decpileasntn a
nomencl ature, see Tabl e A5.
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Ot her projects and | ocations of i1interes

Borneo Rainforest Lodge

The only other major settl ement bet ween Me

Centre is Borneo Rai-st arreesscoalto d goec.a tTehdi sn eiasr
boundary of Danum Vall ey Conservatiren aAr ea
range of experiences, including nature tou
m high canopy wal kway. The road providing

approxi mately halfway along the road& conne
Field Camp, and Borneo Rainforest Lodge is
Field Camp in case of emetgBnbygpuf(appyorgama
The road from Danum Valley Fieldn€Cannhed by
Borneo Rainforest Lodge, as tourists wusual

Dat u. Beyond Borneo Rainforest Lodge, the
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&
"«;

Sabah Biodiversity
Exnai
sk Reduced road quality beyond
Borneo Rainforest Lodge to
MaluaFigld Camp

e\
y .Q" A a
Malua Field Camp 1'\ ”_” iy ‘
A 3 »
to DV Field Centre ‘/ )Borneo & To Lahad Datu
(1.5-3 hours) Rainforest Lodge i\ﬁ o 80 km
2-3 hours
A & : . :

S "‘”&H} Py
-+ 2 3 r&

/" INFAPRO
€ p
Danum Valley
Field Centre

® Key Danum Locations
— Key Roads ¢ Prex

Figure 2.10Map of key roads and locations between Malua Field Camp and Danum Valley
Field CentreRoads are highlighted in orange and key locations are represented by white
points. It is approximately 80 km to Lahad Datu from Danum Valley Field Ceni8e (2
hours depending on road conditions and weather), travelling on a road that passes the
INFAPRO prgect. The journey from Danum Valley Field Centre to Malua Field Camp is
around 50 km long and takes B%ours depending on road conditions. Note thatdhd r

from Danum Valley Field Centre to Malua Field Camp is well maintained up to Borneo
Rainforest Lodge, after which the road quality decreases and average vehicle speed

decreases.

Malua Biobank

The Malua Forest ReserMWael usa cRoiroens to fMatnhaeg eUn e
designated as a Obi obankd i n 2008.

(https:// www.cbd. intdfffivsetmnpalabsd apjens/ maeht

the Sabah State Government, Yayasan Sabah,
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https://www.cbd.int/financial/offsets/malaysia-offsetmalua.pdf

that invests in(8vokrebhmahhal RO@R&rk sai ms t
|l ogged Malua Forest Reserve and create a h
within Sabah. This is done via the creat
certificateso, e acnhe tsreepfr esema binlgi t1®HW0i smguam
Mal ua Forest Reserve. Eco Product Fund pl e
to the Malua Trust in return for the right
third partikescate$llhpececertficates were me
to achieve their biodiversity offsetting a
mar ket ed towar ds maj or oi |l palm compani e
interndgtWoohkalelty aThe BD@8Bank has struggl ed
demand for biodiversity <certificates, and
policy, consistent demand for such certific
Bi oBankbdosabi hWaagk adt.valln ,r edRe€t)Kgtear Ki, nabal
for the Malwua BioBank was <cl osed, and the
chall enges, the creation of the BioBank i

Reserve as a Class | (Hallllpyypr@0éad&dhed fores

InnopriseFACE Foundation Rainforest Rehabilitation Project (INFAPRO)

The | nnBRAPE i sreoundati on Rai nforest Rehabil

https:// facethef unadreb cd temefipd B8d legert misrsgab alhar g

scale rehabilitation and restoration proj e
Reserve, north of Danum Valley Conservati ol
was started in 1992 between Yaryiassea nC oS apboarhad

Sdn Bhd) and the FACE foundati on, an envi

Net herl ands now known as Face the Future.

6 2


https://facethefuture.com/projects/sabah-maleisie-bosherstel-en-bescherming

their replanting methodol ogies across 24,0
seedlings were mainly from the Dipterocarp
canopy species), t hough they did phant 16
enhance Db(iPohdiilvieprssoint yslot abl y, 20B6) main | NFAP
is located near Danum Valley Field Centre
Class | reserve in 2012, the |I NFAPRO pl anti

side of the Danuom \Varlelaeey Conservat

The | NFAPRO project | ies approximately 10
(ar oun@ rmiSnutes by car) and | ies along the
Danum Valley Field Centre. It takes approxi
from the Malua Field Camp. The seedling s

Bi odiversity, as wel FUnasrtsd oplyarEtx ptelné mbPa h u
fromMFAPRO, and the Sabah Biodi verNFARR@XDpe
stadsarThe seedling stock used tospéeanfi ba
variation in genetic diversity, which the

avail able parent trees dyrAingg ethal mast20fl6)

InnopriselKEA project INIKEA)

The |l rhRAI s e (I NI KEA) pr

(http:// www. borneofore)s,t hat soadckenoowhr§e ang / t hie

project, I's |-seoatkhdregi oheotenhealVSF Manag
both the Danum Valley Conservation Area a
establishedresp@Bd®&dtitwe | ogging from the 1

fires during the EI -N9J4ov tdhadtughhcreeazndd iad
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http://www.borneoforestheritage.org.my/inikea.htm
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wer e sags

a point of
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comparison for

i's currentl

Sabah Bi odi

f orest h

Yy n

ver !

restorat.i

| HNEAPR©Oapher than replanting with
arps I|Ii ke the Sabah Biodiversity
afdp ,pt25%wcapp, and 5% wild fruit t

al |y, whil st t he

es to plant seed]l

Sabah

ngs, t he | NI

fld KEAsour

Bhbdhtvengi t

KEA

e s, -p liannctl ivodbi unsgtgearpi npel ant i ng-¢c | uasntde r | i

i s done i n areas

spb&darcas asgachakpast er

trees and the

t hat

planting

cont ain

ma n:

pl anting involv

es were employed in areas that
ayer. Il n this method, | ianas we
tro°mOn2goeBall enge i n comparing

and the Sabah Biodiversity

had tr eraanmeonmlsy .a sSseicgtnieodn sn conf t he

and the most
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four of the | NIKEA projedtant wihhlgy ftgearpup | amt
|l i beration, and untreated controls) were a
area. Phase four was compl eted i nt h20a&md a

recovery before direct comparisons with th

Stability of Altered Forest Ecosystems (SAFE) Project

The Stability of Altered hEdrpesst/ /BE@Rdewstbdms

worl|l dos | argest dedicated forest fragment a
how biodiversity and ecosystem function ¢
activities. This project iI's basedf oRotdet |
Fragments Project (BDFFP) based in the Ama:
used to help determine the minimum critica

to sustain itself(haumahcepetadal fpr2e18pys

The SAFE Project i s br okpernojiencttos .t hTrheee fiinrtset
ecol ogical changes along multiple sites col
growth forest sites exist withbbhhtehesMaki at
just outside this area in a regi-bd90&€at owe
provide ti mber( Bwerr sa efti efidt ecse2nGtértep est abl i
Mount Louisa Forest ReserdvMeag(edae ching.i n2i.od)s
Six sites were established within an 8,000

Kal abakan Forest Re d eart veer (ubidge.r w2.n3) muwhii @ |

|l ogging in preparation for conversion into
sites. Finally, sites were established wit
experiment al ar ea.
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https://safeproject.net/

Wh

Bi

e X

on

Ad

an

Wi

ar

co

el
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Cu

w h

il st the SAFE Project i s not an enrich
odiversity Experiment, there is potenti a
peri ments. The Sabah BiodiversityvEXpyeri:r
ce, which is a | evel of habitat modi fic
ditionally, the enrichment planting of

ot her point of diréecoj eompari son with th

thin the experimental siead ttherstarfe agn
e planned to be maintained (1 ha, 10 ha,
nversion of the surrounding maentatapgestgg

ement explores the role of river margins

iversity. This work is not directly rele
peri ment. As of 2023, pal mMSAFE expesi man
ite, and this part o f t he Kalabakan For
peri ment al site allows researchers to st

salvage | ogging, which weaeFononeéstexResd

rrentl vy, access to the SAHRBE ediatteedh adsn alrd
ich caused its sole access road to be g

ntinue research at SAFE arrestheredore de
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ChaptePros3ti ve effects of tree

restor at tsocnalien eax pfeirelnde nt

Ryan Veryan®uiMi whael’ JRosO6IBx i Satbhiprey 8vit ¢
F. RBWPr | eBni ', CHleern a -MAerrannadnad,eQ#&ig i cCalar 1es J.
Elia Gddeshug i nPhi lairfypBeBSahardYS8phlfa d uwa i

Xilé Glen 'Repnndlidsiect or

'Department of Biology, University of Oxfor
2China | nst-Enwitreononien®eoMoni toring, China G
Chi na.

SeEstaci-n Experimental de Zonas Cridas, Con

Carretera de -®64r2 @& mkelnmer 2sd n,SEai n.
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Abstract

Experi ments under controlled conditions ha
generally positively ,betattedi souhelvebads bowl
effects -worel d nsertetailngs and whet her they ¢
rest oWatumardoetnesisng data fr om ttheer nf-s cfaikteel dde c
tropical restoration experiment initiated
affected the-hraeaowvear pfofsedex@0 vely | ogged
sourtesabpel |l ite data.-r iRelplmnxi mgeassohgt see
hi gher phyl ogenetic and functionabemnsedr si
estimates of aboveground bi omass, canopy
constent with a positive relationship betw
the | owland dipterocarp rainforests of SE /

of species can enhance their initial recov
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| ntroducti on

A quarter century of ecological experi ment
factors are held constant, ecosystem funct
positively related Ctao di @aé¢les eof abi odi2Vdr2s i
Lefcheck et al ., 20 Ho;weVielrmanrd oet palacti 2@l 4
generation of biodiversity manipulation ex
are relatively quick to respond(Hepcatrari ceutl a
al ., 1999; Roscher et aVan RuWIO5v,enTi& mBaer eern
More recent biodiversity experiments sugge
diversity and ecosystem functioning are ptr
(Feng &et, ablth®ROR®R )t here has been 1little
particularly ouf(Bodeeontfen h& Bmehusas2016;
Messier et al., 2021; Pelletier et.al., 20
It is also not clear to what degree the res
nat ur al( Deet teitng@hor wbheéBher they -basebde har
solution to forest restoration and car bon

fiwslcal e experi ment t hat tests different a

tropical raiimaf,ofectusiing $B Asarticular on t
species used for replanting. Recent resul
system in Sabah, Malaysian Borneo, show t he

tree plantiengt ecaahddueesyn dteral .we QP2 O0f)ur t
demonstrating that rrreeodnseisnyg (ersetaisnuarteeds ucsfi na
bi omass, canopy <cover and | eaf area i1 ndex

ecologically diverse mixtures of tree spec
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The Sabah Biodi(WVvV@éBriitegn Extpeali men20d419; Sane

al .20%86pdesigned to simultaneously test the
tree diversity in replanting schemes enhan:
of whet her there is a positive relationsh
fundtnigonin tropical forests. There is ongo

positive relationship between diversity an
exper i memtosr | fdo re cfoeseyds teetmsal nec|l AGRBY t he 1 mp.

tree diversity for the functioning of trorg

smal | ecol ogi cal di fferences among tree sp
neutralantdhecaer ya(tAedd eird ecats al . , 2007; Hubbel |
hypot héhaitzeeree species in tropical forest
identical), and t herefore predict a weak
funct.i olnn ngontrast, cl assical (Dar winian)

di fferences among species coexisting withi
Adi visi on( Wefctloabo&urlomper her®f0®ne a positi
relationship betweehurdnilvelrisi ¢ty ahnhd, Thz®Grté; o
Sabah Biodiversity Experiment tests the hy)
species used to replant selectively Il ogged
the underlying mechani sms, we tesbedryhe r
rates are associated wi(tPert bhghe& JGavelomn, c

phyl og(efeittilcand 992Yonomic (genus) di versit

thepoTyrnbul | et al.. ,We2 0all 6s;0 Waensgt, e d2 Owh2e)t h e r
were increased by the removal of the | iana
that | ianas can redg€katkeé& Ggrtawkh a8680sub
2000)
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To be relevant to forestry and forest rest
was designed to be field scale and covers !
the Malua Forest Reserve. The-hax parmitme mt al
comprise different restoration approaches

and enrichment | ine plantinmg iwherta exe espleicn
pl anted back into the resulting selectivel
Theed!luseds ii mi ttiheel pl anting weld édegamd ect ed
Mauaor est wWReshertvlee edlopé@trirai@oakraed from tt
| NI KEA nur sery Datptleawasao mafsu camend ©Tdwdwms t he

Hi ll ApapeaXxi mately 100, 000 seedlings of 16

di pterocarp trees (Table B1 in Appendix B)

resibdaucakgr ound vegetation | eftoafsettisedec
uni que among tree diversity experiments. T
si ngpeci esnrpilcontmenntte dp wi t h seedlings of 0N ¢
species of dipterocarp, enriched plots pl al

enriched plots planted with sixteen speci e

plots to assef$sgmanspudli aeirensy (the number

(predicted) canopy structur al complexity (
of saplings (planted every 3 m on paralle
represented i ng netxamndarsd pFroddtoiwcen i n the s

initial round of e20 03 hfmelnlto wd ch nky nrge glna Qert
t hat di ed. The site has subsequently been
growth of the mlaamt eadh Deedlviregvs ofTd he eff e
treatments on the whole 500 ha area of t |

restoration, we used marhddimslien gs oduartcae si nocfl
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Rapi dEye estimates of vegetation cover, ab
2012 antdedmngetri mates of changes in cover

enrichment2@i{mtengal to 2020)

Tabl &adah Biodiver sityCodlxuwnnsi melngf tt rtecat rmeq

the number of s peercriiecshineenntte dpeneeas ,of predi c

compl exity, whether | ianas are removed and
no experi ment al mani pul ati on.
Numbe Numbe Canop Lianié Number
speci gener compl remoy replicat
0 0 * No 12
1 1 Low No 32
4 2 Low N o 8
4 2 Hi gh N o 8
4 4 Low N o 8
4 4 Hi gh No 8
16 5 Hi gh N o 32
16 5 Hi gh Yes 16
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Resul ts

Analysis of estimates of vegetation cover,
derived from Rapi dEye satellite dat a I n

restoration treatments a decade after init
of utmed amontrols with enrichment planted pl
restoration increased | evels of estimated
[ 15B212v&P6.0 iRBUT 6FY) Mgchaer 768 5616 .[756. 6

[ 61 71.7] %) and | eafi5avéh G6nteX5&89F). B7 [ 3. 8
There were statistically significant di ffe
[ 95% CI1 ] :7743%8..28] JMganla c ov eir8.(047.]6 3%)[ 1b.udt8 no't

area IindexXt® @539 [Fig. 3.1, Table B3).
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Aboveground biomass (Mg ha'l)

Aboveground biomass

Aboveground biomass

(Mg ha™1)

250 1

200 1

(Mg ha™1)
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5 E
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C 651 < 507
) c
= ]
© [0}
o] £ 4.5 - J
D 60+ “
> o
] —
4.0 A
554 \
0 1 4 16 16* 0 1 4 16 16* 0 1 4 16 16*
Number of enrichment planted tree species
:9_\ 724 5.5
a €7 ; F
U 68- hs}
2 E £5.01
200 - o v €
cC 64 - ()]
o = o~
2 © £ 4.5+
1759 2 601 -
[ Q
o - 4.0
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251G 240{H 24041
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235+ 235+
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Liana removal Canopy structural Genus diversity
complexity

76



FigurRa@Bi.dEy er esmadetedslisntge est i mates as a f unc
treat ment a decad@taht édbrat aniptoii alt splfamt ii nngd.
overl aid o ns hwiwa Inign (pledtts t o right) aboveg
vegetation cover and | eaf area index in re
of 0, 1, 4, or 16 species of dipterocarp

sixXxteen speciagDtp#)(sTrleiagament¢utmeans (with ¢
intervals) for uempdianhmeantedmplrots ¢YpareBES ¢
(Gt ) Aboveground biomass as a function of

enri chmeritedp-svpa dhi dou(r2 genera vs 4 gener a)

vs high); and I iana removal ("climber cutt

Whil e enrichment planting had a general poc:¢
was positively related to the diversity of
and approximately J|linear wienhi ¢themettegpr it |
speci es: each doubling in tree species ri
bi omass by'[1218.MJ K&i gc.ov3de.r2 byl .16 @6 (UFi[d.. 4

B2), and |l eaf Zm’pa.in68e6% W¥ig.28B3m Table B
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Percent biomass relative to
single species mixtures

o
—
1

- 90

16

Number of enrichment planted tree species

(.

270+
240+

ey by) ssewoiq punoibanoqy

o~ < -~

S o

Tree planted
species richness

Q
1

77.51

™~

(94,) 49A0D uonjeIabap
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Time period
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Fi gurkef f3e.c2t s of etnlra cdiimwetrtesdpttyr eoefs on abovegr
and veget@lti bt cmyteed aboveground biomass (
the nuebercldfmenitedp tree species a decade af
is the regressiconmbeppefwittrteetbb@étiegs sfr ol
mod el analysis (points jittere@expoegsasice
aboveground biomass val usepse caise sp etrrceeanttnaegnets
B) Changes in vegetation coverewowviechimihe me a
phanted tree species. Esti mates of mean cov
LANDSAT monitor 200 2p g rpird cosr 1200 @Bl aanntdi n2g0) 0, 8
2012 fenrpthbmerttedp with seedlings of 0, 1,

species richness mean values are jittered

These treatment differences in the RapidEy
by estimates of changes in vegetation cover
covering the preceding decade which show t
toesrt orat-2002)Y1909Be emergence of positive ¢
(2020380 8) and the subsequent-2@i)ergenth bhHoO
planted with a greater diversity of tree sj

cov(eFri gB; 3JFaBl e B5).

OQur experi ment al design also contains a fa

di versity wiptelcimst he efad ment-s peecvieds. pHadtfs ow

enri cHhmerntedp with seedlings of four species
with four species from only two genera. Thi
orthogonally with a canopy structur al comp
fouri eppewi th a | ower or hi gher diversity o
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intended to produce canopies that are thini

(Tabl e B6) . During the initial phase of th
only slight changes in estimated mean abo
di vegrantd canopy structur al complexity (Fig

indi stinguishable between treatments (vege

gualitatively sTablarBTesul ts: Fig. B4

A subset of t he -sppleoctise sp Iwaenrtee da Iwsiot hs ulb6 e ct e
treatment that reduced | ianas in the tree
another management practO&Rr iodn eatAuslet.dnei 20 |
ti me of the Rapi dEye data snapshot in 2012,
applied to the southern bl ock, and the tre
remoetnesisng esti mates of aboveground biomass
(Fi g. B4, Table B8).-tlermviioes danal pasiext en:
(O6Brien lkRasademord®tl®ated positive effects
and survival of trees, particularly seedl:|
due to increased |ight availability (althol

if custfobl owedob Bryi edf2 0g)tg hdAl; . mor e compl et e t

|l iana removal treat ment wil |l require a | or
remoetnesisng data that can distinguish | iana.
monitoring changes in tree canopy cover.

To understand why the malnei psupleactiiecin| boafd dd evte
i mpacts on mul ti pl,e wheialseu riensc roefa sriensgt ogreantui so
species mixtures from 2 to 4 genera did nc

functional and phyl ogenetic diversity (FD
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above

t he e

ground biomass were positively relate
es richnessegradheammtitefdpesmeki e bot s

statistically indistinguishable inc

n relation to the manipulation of <canc
xplanation foranihpull atcikomfofefdgemrus odi \
ves both the small/l increase in divers

ase across the whole gradient from 1

o

my when the expearoitmarctc uwas edegsirgeridcdcc

—

ionary rel 8bhoweas hniopnws t(htohueg hg e ntuos b e |
ugh dipterocarp taxonomy remains in

genetic diversity support this interp

(7]

ity within the sfudbwrets pdcita e aminetnurse <

ntire gradient from 1 to 16 species (F

of |l ow | evel s of di versification in enrich

seed|l

ing mixtur esi cthhat are more species
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250 A

Canopy
structural
complexity

200 4

m  High

Aboveground biomass (Mg ha'l)

A Low

0.025 0.050 0.075
Phylogenetic diversity

Genus
diversity

e 2

250 ® 4

200+

Aboveground biomass (Mg ha'l)

[ ]
.
0

1 2 3
Functional diversity

Figurd&sBi Mated aboveground biomass as a
functi onaMe acdsiuvw e)jpshiptFyo.denet i ¢ dB)v &grusnicttyy o(nRD)
diversity (FD) increase across the full di:\
relation to the treat memtexci @pplpileod st a htahe
genus diwgergengr :2 red vs. bl ue points) an
hi gher :vssrqiuaanrgelses) . Solid blue Iines show
estimated aboveground biomass and PD and F
species and dashed ksigesfsbawtt hel aeabeshi

of mlnotixc hmentedp wi th .only four species
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e

]

t

a

sults suggest that the positive rela
oning observed in experiments in oth
s to the | owland tropieenadtnesian gn fdateas t
mi tMattieonal 6 s)aetdh eMertehsoudist s reported h
the same qualitative patterns are ev
which documents their progressive
ment . Compaa iwigt t hfeiseel & ad aftiTduecitkoer daa ts i
Gpests that during the first decade ¢

come simply throughdiianmterteears egdr oswitrhv ir

d, we hypothesize t hartenobiresidndg f ar enc
the devel opment of different canopy
S mi xtures that are not <capt-ured by

er at base and breast hei gha ) . Al tr
|l ation of canopy structural compl exit
ent growth forms have previously be:
ersity effects i n t he( VWang eRiu injgweenn bé&
se,ard0Byi dence for compl ementarity
ed fboor etaelmpsepreactiee s i n ano(thiekrl aturse ee td i

017; Wi lahdams at Ealrope2adlnketwork of

r et Teels.t,i n®0 AH)i s hypot hesi s, and wlt
ses subsequently feed back to i mprov
I n mi xtures, -tweirlnm nmoengiutiorrei ncgo, n tii dneuael d

nat ed fcioembd ensaoednes msngf data to provide

ements of i ndi vi dual tree architectu
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pr
Al

de

r e

20

cause bi odiversity was mani pul at ed t hro
edlings into selectively | ogged forest v
ovides a unique combinati omwoof dexpatiemen
t hoogbi stent with the results of the maj
oreau et tale. pozdd022nve effects of biodiver
rest biomass, cover and |l eaf area index)
find simil arexrpelrdtmenr Aleiepsetitm Ppesn 20 2 8)
| ati onships between biodiversity and ec
edicted when | ow |l evels of di-wteirIsii 2 ¢d ar ¢
chleer eau & Heasors ROK&hy in the selectiyv
ere species of the domi nant family of d
rvested. r@gmedmsasnegl |datea presented here |
amine the detailed underlying biological
iche complementarity) mechanism is suppo
d phyl ogeneti a ekiuMdrssi tlyn seomdrrlacs tg y stt eurds
ere diversity has not been reduced and

cessarily be expected to reveal a posit

o
7]

ystem functioning.

cent analyses of secondary succession af
covery rates. Some properties of forests
cover ol d growth | evel s 1 msas itlyittetrfldae ras
forestat(Poortiesr lemwmidle. ,0th®e21 ofneigyearsnt s s ho
ductions i n bi(oMloirvdearoeiotsy eandalcagr b200nl 7 ; N

15)0ur results demonstrate the potenti al

8 4



aseasonal SE Asia to be accelerated by act.|
especially with diverse mixtures of nati ve
Di fferences between our results from the f

part

(7]

of the tropics may be due to charact
potential to slow the recovery of these for
intermittent mast fruiting andBahenl ew dIi s

2014, 2023; .Ghazoul, 2016)

These initial results from our project suc
biodiversity and ecosystem functf{iLomiemag obs
et al .i,s 2al2s200 found in the |l owland tropic
emphasi zes the need to conserve the divers
to maintain the ecosystem fudhat mahsermandf s
urgency gienen etshée mate t hat 70% of Borneai
threatened NWBGEGI ex2@uWrt})rieosnul t s al so sugges
these secondary forests with diverse mixtui
by sel ect(iHee tloo g gntanyq Ip.r ova-@alzes$ md naaluuwtei on f o

accelerated restoration.

Materials & Met hods

Study system

The Sabah Bi odi veéert dipty / vEwvw.esra bmeehnbti 9 ¢ 1 ver s

occupies 500 ha in the southern part of tf}
Borneo (Fig. B1) . The Malua Forest Reser ve

predominantly selectively |l ogged f (rTehset t he
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http://www.sabahbiodiversityexperiment.org/

Sabah Foundation)-yearhi cbndeod slisona ulnCCer it
socioeconomic standards in the state. With!
i's the-HACEo pFroiusmnedat i on Rai nforest Reh@abOl!l it
harea dedicated to promoting the rehabilit
planting within | ogged areas. To help pro
Biodiversity Experiment followed | NFMFAPRO e
experiences an avehCage @wempaenrnautaur er aafnf al |
di stributed betWweeassewdbi wet asaetasord1l6,; Mar
20Q09)The Malua Forest Reserve area has been
in 2007-haTheed00f the Sabah Biodiversity EHx
round of selective |l ogging in 200002uand o
has therefore been recovering from the in
El evation at this s20trenge undenpd2D@agmmhygwi
ti mber volume of this R&dihdn bha swipicem oesar ip

account for t he2lveitsih( Heajtormri teyt aatl .18 ®011)

Study species

The 16 species used i n t his experi ment
Di pterochirptaereaear p38lso ocboeyfodranhiasnop Burl aki,c eol
Hopea f ePrarrbigpppaakKant®lmlrashorea (mdlanmamgn avhe r |
Parashorea( Bloawmed H dreega . arSgyenbthiofr elai eébeccar i
BruShorea flHdgu@hpara Brndohbdisar ea |jRPAOOwW.e,nsi S
Shorea IMmEhsesuéa maAssrhot@mprea m&cmBpoee a

ovaKarst hShomama @DParevwi.f cGleinaer al | vy, di pterocar |

tree species, rarely (fWhundnol.,e2T0OHE 98 49abwev ea s
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of characteristics which |ikely contribute
their symbiotic ectdmyeaaodrelydzdald ads § g er0&8Ed o
winged( Numata et ReEpro@wdtdi)on takes place
fruitingd event-s0tyhadarocapar betwkeene2many o
species simultaneously produce(HautierDept
20100d no soi(lPhséeegsbanktnsdle.ad,2®Ax)cessful
seedling bank which of ( ©0Bs ufihe.etDiaptme rha2dalr
dominate the | owland forests of SE Asia i

sel ecti v(eAsyhtloong,g eld 8 2)

Experimental design

The Sabah Biodiversity Experiment featur es

replicated, randomi sed bl ock dkescgareTheoe

X 200 m) plot s, di vided into two bilnoctkhse s e
north block and 64 to the south). Each p
enri chmentedp with a mixture of seedlings wi.
and composition. The design enpaciess ari dhm
and composition treatment | evel i n each of
planting | i nleG, m samipxbegsa toefd rbeymnant vegetat.
selective logging. Wi thin eaaeletslisnpea,cisneedla
planting |ines were initially c¢cleared of b:
me teriet her side of the I ine of planted seedl

to manipul ate the diewnel € Hmgyn éendg dd gnpea soictair q
investigates the forest management practi c:

pl ots make up a greaedrireobmamtedhhé rdeveaspict v
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mi xtures of 1, 4, or 16 species. The remai
unpl anted controls (six in each bl ock). T
available in the |l ocal seedlings nwmersergr oawmr

in ssmegdiees enri chment pl anting monocul t

enri chment planting '"polycultures' of 4 or
planted with only a single spiercdiesi @dialdi pp

identity effects since each species has a

singpecies plots).

The i nt er mepdeicatees fdawrer si ty l evel i s comp
compositions that produce two further trea
treat ment s mani pul ate genus di versity (tw
compl exity (two | evels). The genus diversit
comprising two or four dipterocarp gener a.
al so features two |l evels that eitheirghombi
or with a wider range of these predicted va
and canopy structur al c o Mpalce xoirti ya | ¢ ccropnrbii sneast
4 treatments, each with 4 replicate specie:

(Tabl e B6) .

Si xteen plots ofsptehca emgstmi kitwerese und&r wen
removal (6climber cuttingo),nrwliicalnaeedpewictoh
the same number of species but without t h
(O6Brien .etDuwd .t,0 20rladct i c al constraints, th
Il n Jully@l2&®Otld, were cut i n the southleoatns bl axs

wel | as six plots in the northern bl ock, u
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at the time of t BeoeRaspsndgEyien s2adddqltisd reil ry ttH
southern block had been subjected to the I
the risk of missing effects of this treat m
statistical analysis budaotmal gohseictmploamémnt
in the norther n-shpleccd ke sa rpd ottrse amtieech ocoaust 16 ana
of the analyses reportedl|l-bagmmhass eagdmer tes
el sewhere that assess the | ianaOo6rBeamewalettr

2079)

I n line with standard enrichment planting

were planted (between January 2002 and Sep!

repl ace initial mortalities (cohortn 2 pl
combination, the two cohorts planted and s\
Further details of the Malua reserve and t

in previouHepaoatbodi cat i @ains, 20&é1; aBanheéy et al

Remote sensing

Landsat Vegetation Continuous Fields (VCF)
were selected to estimate variation in can

the size of the study site and pBbOdp. and t

Landsat Vegetation Continuous Fields tree cover

The Landsat Continuous Fields tree cover (
horizontal ground per 30 m pixel which 1is

hei gBexton et lan .t hi2s0183t)udy we refer to L
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vegetation cover, as in Sabah virtually al/|l
mi ni mum. The product i s débr iTvheednaftriccm Malplp e#
and/ or Landsat Enhanced Thematic Maphper Pl
Landsat vegetation cover dataset is 30 m,

Experiment 6s pl ot si ag@pofox2eh@tpmixel 20 em, pi
dat aset contains three epochs, comp,si 2 &0 o,
sever al yearso6 worth of images in order to
epoch consists of data from 1999 to 2002,

and the 2010 epoch ranges 2008 to 2012.

MODIS MCD15A3H

MODI S MCD15A3H | eaf area index is widely u:
high acBumedeyet al ., 2018; L.i Heotweavier,, 2t0hle8 ;
resolution of 500 m means that each pl ot

|l nstead, a comparison o f t he entire Saba

surroushadigmge dr @ar ea i s( Wwe peotr taeld. ,el Zx02vh)er e

RapidEye imagery

This study used a RapidEye satellite i mage
August 2012. Rapi dEye i magery msettseaadhiagh
tempor al res ol Jguhlhagtnh eonfh 25u.s51 edayest al . Th@a007
mu lstpiect r al scanner of the RapidEye satel]l
(00441 Om), 0glBb®erOm() 00..5628d OM) -j B ndr-@e &% 0. 76
Om) are very similar to that od alheo Lmanwismg

additi-edgé ba@®@d73 00®mP. This band all ows Ra
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provide greater sensitivity(Cbasdeaetietempo

Pfeifer et al., 2016)

Vegetation metrics inversion from RapidEye image

A FLAASH atmospheric correction model wa s
vegetation <cover, |l eaf area i ndex, and al
empirical formul ae (dRfvesil fogr i é&tq Pdde.l,83p 20 e6)
respectively), which used RapidEye i magery
these equations were not derived for Mal ua
|l ocated), the SAFE | andscape is cl dsaesby,
provided urseswiltuh i ohgh 5 m f or Rapi dEye) e
vegetation cover and aboveground biomass u
| owl and dipterocarp forests aiinstld ddame i m:

met hodol ogy used can be (Puaedfen.eheabprevik
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Eq. 1.

Veget at i on-0c.o6R6e €A GR &d Bdg. eONBe aA- 0 .R1D7i sAs B 3

1. 48i sAs®B.44@i shAs B5
Eq. 2.

Leaf ar eai0.n58e ®A &.R&1dEAIQ.eINle aAi 0 R5C8i sAs B 3

1. OD8i sAs B 4306 sAs B5
Eq. 3.

Aboveground b-iecpM§AY)1I2. 300 cAhl REYIEAQg2. 65

ADi s sB.2208i sAsB® .DA0 & sM.4108i shAs B5

WheMBAVIL2 t he MeAdijfuisd k dSodielgle@iat e to nGilenednex9 24
Re,®edEdgdredral R correspond to the Rapi dEye
Di ssDH2s sDH3s sBdnds aB® thevegrtedi ssimilarities
band,i niferaarr e d beadngde, baamdd , n €Gdelsifzemdo ee¢l.yal . | :
Satellite i pagpereys sads upreg ArcGl S and 0V
Biodiversity Experiment plot | ayout based

of each bl ock.

Landsat and RapidEye cover comparison

Whil e the Landsat and Rapi dEye esti mates o
relationships with the Sabah Biodiversity I
val ue of the esti mates. The t wo pmeoadsuucrte s
moment corr P+ al{dih:122)389%ut the Landsat cov

than Rapi dEye cover estimates (bymu%.u7a6l IN O
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exclusive explanations for these differen

vegetation cover is much | ower than that o
can be extracted. However, it mayelby fmoom
high spati al resolution data because mor e
with | ower spatial resolution, such as topc¢
from a single time point inaké6l2aWwbul atetde
range of years (o6epochsdé: for example, the
2012 period). Third, the calculation metho

gl obal <coverage, whil especitf iodalRay ifddEry eBad rsr

Phylogenetic and functional diversity

To investigate the effects of a broader rar
of both phyl ogenetic and functional di ver
i nformati on speci fied i n t wo paperms p det a
phyl og@wet kovi i et al ., 2022 We Heakenhated

phyl ogenetic(HBavehsidepfoiZneRl) as the total |
mi ni mum spanning tree from each node to t|
diversity (FD), a functional equi valent of

functional ( Rleetncdreoygr & mGa®utonpf 20862 ot al troe

avail ablae pweioomisedl eaf nitrogen, | eaf phosyg
wood density, and specific |l eaf area as th
in the | iter(aBaurrreagnbonstetwiadlell,y 2011; Cosset

Legendre, ar2®@10here are curreoftf absooweeani o
resource acquisition and faster growth and

growChabot & Hicks, 198;i sWrail gshot aevtoiadle.d, u2s0
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of partially correlated variabl es. Both PD
richness, and so contain information of ph

and within species richness | evels.

Statistical analysis

We anal ysed etmuoatnesiant g | dattae uesfifnegc tlsi nnecadre I nsi xte

performing an initial overall test for the
a sera eprciodrtirasts i nvestigating the main
specifically:

1. Replanting énrichment fanted plots versus unplanted controls).

2. Species richness ehrichment fanted trees (1, 4, or 16 species).

3. Genus diversity (1, 2, 4, or 5 genera across the whole species richness gradient and

2 vs 4 genera for the balanced comparison within thgeties plots).

4. Predicted canopy structural complexity (mixtures of seedlings of species with

similar predicted adult heights versus a greater diversity of adult tree heights).

5. Liana removal (‘climber cutting’; 1§pecies plots with and without lianas
removed).
The |inedfemitsedmodel s were i mpl e-@)Btaetde sus i

et aland2Dmé) Te st Kwzemresti somv @ aeltk agle.s, D01 R) (
4. 3((RoCleeam, . 268283 WwWoul d be expected, the Rap
cover, | eaf area index, and aboveground bi
each other, so to reduce the number of stat
when avRapgiackbHye)( and vegetation cover when

a Onestedd seriedact ocommpatiosoms dasiwgo i s
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species enrichment planting treatment | eve
addr ess aalplrciafrtirtehset s cont ained within the
mod el containing a single fixed factor wit
unpl amtpedispleci £ss,peacndesleéenric-bment epl wnt hn
remowal )Jusaed a sequenti al type | anal ysi s
freedom to test for differenoeseadinonmgg ttor d a
more focused single degree of freedom cont:i
intervals for the compari soersricohmantedp vwi
unenriched plots etc.)-6)as Bmpefciilfe eldi bell iohwe
intervals were generated using the &6confin
4. 3(R) Core Teaamd, wWeO23)used as they genera
asymptotic nor mal confidefReysho®RRvahl@® 7j or
R2values were created using the OR.square
package (ve(rBarotnonl .MNZ/0 &3t dat a pjosstt ment s f o
compari sons were unnecessarypdiuet test ihmatse

predictions predieced §iGmbtdmd smitxad ., 2012)

Modelil3ili al over all t est for di fferences

y T4 eat+tmdyiit) c kS p(pl|¢ o mp

Where y is a continuous response variable
or | eaf areatinsemke xt)i, xed factor wspacHeve 4
Sspeci-epecileéss,epacnideslowit h bt loicskbae rr acruda m nfgg gt

|l evel s (norther@8pmrcicsnopat mearnrd obml dalke)t,er wi t |
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species comp@sxictiiesn sc,0 mpe s4 t-9 pencsi epsl umsi xtthuer e
( Ephc)t oirndi cates random intercepts for | evel
ModeliE3 f2ct oé&npl ahlmemtged pl ot s versus unert

Wh e
V'S

wi t

Mo d

y

Wh e

t he

seq

(He

Mo d

Wh e

y P ant ifllgd c kS p(pl ¢ o mp

re yModcgeldPd3ainits ngg fi xed ef feec ti cWimtem tetdwo
unpl anted).a T Thiconmio deslt ftihtas tclmenpares t h

h aéhr iod Hmdrketedp treat ment | evels combine

eliL3n&axsc(@lleg contrasenf oc hlmerattend mbpee c o

~o(9popg_r i)c htn eéSsppt o0 1) € Tirheeastsmdf iltd ¢ kS p(pl |9 ¢ mp

subset = Spp_richness > 0

re yMaddcelasBI@i2 (ri)chmesas continuous fixed
{tagf ormedcd)nrnghbaenntteadpp t ree species (1
l udi ng unpl ant eMo dceo)n,t3r 0P esc iaedsd r reiscsherde sbsy
uentially after the conti nuousl irneesaprointsye

ctor et dakkatsmBE®9e9quentl y captures the ef

eliE3 f€4ct of ctbpesse$sor each of three Lan

y ~ fSpoet orn)cYenaersisil ¢ c kS p(pl |¢ o Al jolt |

re y was Landsat esti méddaaesl peficead Taob

els and the asterisk (*) indicates an i
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repeated measures per plot, one for each |1

factor with a | evel for each plot (124 | ev

ModeliE3 f®2ct of c¢climber cutting, genus dive

y ~ fSpeptoncGeomresdddanopy+Ctlypmber + clultddkng

(5pp_gomp

Wher e yMade |&p3pidm iicshnae sfsact or witlsenhidee | ev
a fixed factor witliCabdobpygivse hgp ef(i2x evds . f adc tgoern ¢
(low vs high canopy Cdtirmbetrurmsalatdamgpelde xfiatcyt,

|l evels (liana removed vs. not),

ModeliE3 f@ct of phylogenetic/functional diwv

y Did ve+rshlLdyc kSp(pl]|d omp

Whebeversieyther phylogenetic or functiona
response variable. To idesmpticiysapletfsect hw
run with all data initially, smpectesnhd obs

these measures of FD and PD were not contr ¢

mani pul ati on, other fixed effects addr esse
simplicity (an approach whrchatistbomuéedplhbai ta
omitted variables ends up in the error ter
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Abstract

Ol-gilr owt h Sout heast Asian forests are domi

targeted by selective | ogging. Due to se\
di spersal, and recalcitrant seeds r rtathat f ¢
regeneration rates in some selectively 1|lo

used to overcome r dorcuietamsesn tr elsH oow eaa & romn isst

i's still uncl ear what factors iimfcllwedn cneg -
the surrounding tree matrix and | ocal nei
Her e, we examine the growth-paadtsedr sieeadl

within 24 pl otlsogogfe dt hfeo rseesite cotfi viehey Sabah
i n Mal aysian Borneo, in relation to thei
imawding the traits of more than 5,000 s
|l ocati on, si ze, and species identity of
breast height) within 10 m of focal pl ant

st datciadt model s to det-ccegpne maeenlceev e( isn otf e rdnes

openness and tot al basal area of surroun
with naturally occurring trees (the propo
t o togheestl atrr ee) , andepentiamcéei &t hdepsbobpprt

area within 10 m belonging to dipterocarnpyp

We found that the survival and growth r a
positively associated with canopy openne:
was positively associated with the total

cowemtintuitive resul t. No correlation bety
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basal area was identified. These results
suggests that established trees may brir

example by reducing the risk of extreme

reduacn emggehitat ed mortality risk. However,
benefits of established mycorrhizal net wo
reflecting generally more favourable gr ow

mayncrease plant-ehgestuiceesssandhcosgh tar
with moderate canopy openness. However,

seedling establishment results in eventua
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I ntroducti on

The tropical |l owl and forests of Sout heast
(often r aefi et reedctac psd9, which make up over
of standi(®gsvokuar Thege oh39%B)y e further r e
hot spots. uRdi sitmustba&ancé owl and forests of Bol
values approximately 60% grileast @8 8tljgSa Mckt hea .
et al. ,Diptl®nocarp physical traits, specifi
trunks, and attractive appearance, have r
di pterocarps atCEssteqgBeuetSedletc,tA80ehd)oggi ng
to remove -616&% wefendibpst er ocarp stock (indiuvi
br elasitght S@bBH) et, alnd, tzh01s2)basal area 1 s
fagnowi ng pioneer species that contribute

(Saner et al ., 2012)

The | ife history of the Dipterocarpaceae hi
These trees undergo irregulladreamss st ohr eit ia

1988)Di pterocarp seeds are often relatively

usually being winged) and are also recalci
seed (Wamak ani etUmder, i2ddd&l) conditions, see:t
are known to suffer high mortality in oper

(Appanah & Twuwrbobgging 1688) cause extensive
directly but may also indirectly harm seed
compa¢Hmobhori et al ., 2013rTheNwWsesxd d ne etf a
bi omass and cdimmuwreist iiens toraeae al so umbdbgatcievel.y

physi ochemical composition, par tphcouslpahrdryu si |
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(Ngaba et al ., .20R@&@kenut cegetahler,, 2t0Ohle8s)e c h a

ability of dipterocarps to recover foll owi

Regenerati owmnalode tthiimbehri gihs environmentally
countries with t herspeacrte sloougrgciensg. iRse dau cseedt o f
techniques that aim to maintain tnheegastiilvvei c

effects ofPuhtazr veetst @&Almg,a sxZm@x8)at ed technique

recovery is the enrichment planting -of the
grown stock. This is commonly done by plant
t he-egpreti ngseneadtiriinxgsofand mature trees. |t

bet wtS$1 500 andi §2bo0owl HaPbdhi $Salpason eatndals.o, i2

i mportant that this restoration method pro

The effectiveness of such initiatives 1is
seedlings wuntil they reach maturity. Ther
planting is important for communitideisest hat
have investigated the response of di ptero

including water avaoblBahielni teyt ,aanldi g hr2e0glade a ic2y(
(Philipson aendakctom@td)f Bhhnhenl et sStbucdiaeRsD bhha
al so investigated more applied factors, su
pl an(tTiuncgk et al ., 20h86d Veérey eerfd et OB« il ez
et al ., HDZWEY ET , many studi es have been (
environments | i kAshkthamdeejhoawkbscl2ethfke exp:
mani pul ati ons more feasible but exclude b
Therefor e, factors impacting seedling suryv

within the context of thhenteedasystem where
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Three key factors define the matrix surr
surrounding trees, the size of these trees:c

consequence of the |l ogging historywrtblrea f or

areas, we might expect fewer yet | arger tr.
domi nant. Conversely, in an area of extensi
number of small trees, most lvye pied reaesre.s pMec

al so expect a highert epoocpopsi adrueoft ondrhe

commercially valuabl e digndsarbceagrue nd p eoil oxi
pione€ei phenocarp speci-ctispt Al acharug hs pseared sng
valued and have experi-dopmedat etdtabyonraersdh seitn &
2021 )moismber harvestihgrestéinsddpteenchypt

Di pterocarpaceace.

The extent and type of competition between
should be related to the number of surroul
species identity. Generally, i nareaa sxirn g otcte
competition and reduce@dKsked&i Vigi ¢gsomwd dvr @ n «
20Q3)larger trees can compete strongly and
(Potvin & Dutilleul, 2009; 1 wWelt Bequedo p&c W
competition for resources maBachcdal otl.oentg sa ld.
Specifically, hi gher conspecific depeasiiftiyc c
pests and pathogens can MCGoenelalsi | ¥97T1ndJa
Oshima et dhere20s5xsome-depiecharne Mmoat ad én y

i' s most stulbesttarndpiads iwnpt rtéodMsdrOp hny fertomala.d,ul 20
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Il n contrast depoesedidmtet leanamtyri se through
trees create mor ¢ Bsrwintoa belte BEnbitc, ri ®I0i8macteg s an
canopy can reduce extreme variations- in te
pressure deficit seedlings experience and

dr owgehtat ed mort@Addams iat s¥Eeddg h@sd ) recent |

pl anted seedlings are expectreed at @ db evme feirt
mitigation, as they are smaller anfTdurlnegs r
20Q01)An increased proportion of conspecific

predaton | kat iedf iadape i0dl7l)Y 294 wdn dti lpater o atr
have been obsesivmudl tma@rCauaummnyf &uiLtei gfbtvemer 2 (
due to the irregular fruiting times in dipt

satiation canCubre acnh a&l ILeen ggihngon, 2000)

To further complicate anal yses, the type

pl anted seedlings and the surrounding matr
main factors. For a given extent of asymi
depeéence, an increase in the total basal é
competi-ti peamnilowy. For instance, i f relative
l ogging, a few | arger trees may ecteate aim
relative densities, benefits from an addi't
be overshadowed by increased competition.

beyond a <critical densi ty iovfe scuornrfoaurmidl iinagl

dependence may occur up to a threshol d, a
increased negative interactions. l ndeed, t

any one factorKobr i&s odlrateisemdDeejgo 2 0etl; alL.ef
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Lieber man et al . | 1985; Peter s, 2003ThPret

underlying causes of tree mor {( McDoweil h ®he

2018)and determining if the existing matr.i
enri chment planted seedlings is difficult
This study investigated how the survival a

from 16 dipterocarp species were affected
Mal aysi an Borneo. We mapped the tree size
surounding matrix trees with DBH > 10 cm wi

devel oped models to estimate the effects

competition from the matrix (the bagal ar e
competition (the proportion of basal area |
asproportion |l arggst asndr roamfdd mmgk ntdreenecdee n §
proportion of basal area belongpngpadrmrot idam

di ptedotamaps was experienced by each enrich
potenti al relationships between the growth
and these measures of | ocal mompet weeémwmnt he
area of the surrounding matrix and the p:

proportion dipterocarps.

Materials and met hods

Study site

The Sabah Biodi(veecstidry etx palr.i me2x@l1l1; Tuck e
20398ccupies an area of 500 hectares within

Forest Reserve in Sabah, Mal aysi an Borneo
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publicly owned and managed through Yayasan
a 1y0ebar concession with the aim to increas
I ni ti al l ogging occurred between-l1093%4 ngnd
tmmber vol ume-2B &hwWe epnr elddo3mi nantly comp-osed o
216h®( Saner et Taolt.al 2t0ilnP)er production in S
from a peak 0ReyBo0imds$ Iteon n arto.s,t 2rOelcle)ditd y, 1.
202ZBabah Forestry Dépamementann@lR2)yainfall
Danum Valley from 1986 taocke20inQ, wavéear amgaead h?2

fluctuating between 119.5 mm (April) and 3
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Figure 4.1 Location and design of the Sabah Biodiversity ExperimeX\.The Sabah
Biodiversity Experiment is located within Sabah, Malaysian BornBoto( C) The
experimental site exists within the Malua Forest Reserve, just north of the Danum Valley
Conservation Area and approximately 70 km west of the town of Lahad DgtThé
Sabah Biodiversity Experiment consists of 124 fbectare plots split into two blocks
separated by a logging road. Each plot has one of five possible treatments applied
unplanted controls0j, sites planted with either one, four, or 16 specigst,(and16,
respectively), and 16pecies plots which have also undergone an additiorairtesmt of

liana remowl (16 with liana removal Plot treatment is indicated in the legend by colour.
Plots with bold white labels are included in this analy$t$.Rrom each plot, either one

(for singlespecies plots) or two (for i€pecies plots) planting lines were selected for
mapping. Plots show the relative locations of each tree along each planting line for a
representative singligpecies (plot 2) and ifpedes plot (plot 3). Points indicate the
locations of planted seedlings along the plantingdjrand axes provide relative distance

(m) within each plot.

Study species

A tot al of 16 species from the Dipterocarp
Cl in Appendix C). These species were chos
surrounding forest, cover a rangwaiolfabtlreaiit

sufficient quanti t(iTestk2#80I1t6h)he ti me of pl ant

Experimental design

The Sabah Biodiversity Experiment has a ra

seedlings are positioned along planting |
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unpl anted controls). The expbB),i maaxdh emeasnp
four hectares (200 I 200 m). Pl ots are gro
|l ogging road (60 plots in the northern and
t welve of these plots wer @ erad Mmaeannrsigye ca dessigd r
mi xXtures with one di pn=er3@qgap@wivee emsdPoies

1l peciesnmi X6 ufsgmnadi el mi xt uruensd ewhgiocnhe heanvhe |

cli mbern=<ult2whlhegr  al | l i anas were removed
pl ots were | eft as wunplanted, naturally re
Within -eanhrabnpl ot , 20 parall el pl anting

enri chment planted pl ot smetsre@ti|l sapgar werenpt

planting line.vAgeékreatieshabwas shimeadmede iotcltars i
side of each |line in the years foll owing.
procedur es, a first cohort of seedlings w;
2003) , foll owed by monitoringl anad mdraamndl inty

had occurred (second cohort planting carri
For exampl e, within a subset of plots (3,

planting positions were replanted with a r

The | arge size (500 ha) of the Sabah Biodi"
a Ssubsection of the experi ment. Her e, we €
were enrichment pl anted with a sidnglne tshpeec
Sabah Biodiversity-skpxpdreismento)t san dneei gohta nl
for speglies pl ot s, and two aspjezcernt pllioness t

sufficient measurements fr onensetehdel il nognse ro fd e
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for each species i nl nt ht8chtBalrgiheh mas weplsantys ¢

wersa@a mpdcerdopbanatl ng | ines.

Mapping ofseedlings and matrix trees

For each planting |line surveyed, the | ocat
seedlings were spatially mapped along with
within a .l10amsaradresa was measured for all
DBH was measured for naturally occuwitihng t
the methodol ogies oFocowmpal adil deels mapdh@ b)Y @ .

was carried ouldaswedi nlgavsaepr gshaserdetn (I nst i t ut

Ecosystem Research (I FER), LH®&Id. |, eJtz taolv.® u2
obtain relative x, Y, and z coordinates fc
| mpul se 200 Standard | aser rangefinder (et
measurements), a MapStar Module |1 ogVectrec
l nc., Colorado, USA), and t-Maep sw.elcl a(lliER, |
Republic). Two initial rounds of mapping w
2015. Percentage canopy openness was Trecol
desi omietearmon,i n19@)y cardinal directions f
2014.

Vegetation matrix variable calculations

For each planted seedling, we quantified
matri x, defined as the natwurally occurrin:
seedling, t hat could i mpact seedlintg suryv
availability, measured as the | evel of can
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degree of | ocal competition on enrichment
basal area of al |l surroundi ngdemeatnrdiexn cter enea
calcul ated as the proportion of stuhrer dauwntdailn g
each seedling. Finally, we calcul ated the |
bel onged to the single | argest tree withi|

asymmetric competition.

Statistical analysis

We used gener akftedt i medel mi mgdt o assess
matrix parameters and their potenti al I nt e
seedlings between the 201i2taed383C81l=®ns amhlimi
seedlsianngpsl edvj tthho e ompl et e data ancl@)E® vari
yi €e712dl s eedl i nngsGrfoowt hanwd sy sd sl cul ated as r €
defined as t hter an sffferrmend eb a sna lleodJi yaenert &) . ( @an
openness and t ottarl arhsafsarl mead ,e aanwvk rtehd olgatt er
ot ot al Sur r ounaddi ntghteb anmsedalns ar e a usnudbitrnrga cht aesda If
it, effectivel yt omaakli nsgu rtrhoew mdeiwe gnelan®a . dheé &
to facilitate model fit(twWihdgi n®on & iBoigalr s |

surviode) (antl MadbdemMt hivd 2 e :

ModelilAaili al mo dweilt ho fa sbuirnvoi nvi aal | vari ance f

Cc 0 horritc htoepsesn i sdHipp b a +hax t+tot al
ba ofpaldibp tipothad +ma x

( bl)ot+s p(el]i es

113



e

r

i a

(¢

=]

cehiosta fixed

factor orfi dhmse dae faalcs o(r c onvh

el ssspedingspesai els6 mi p & o n(ecsan o payn dppoelmpe s s)

oportionp db g t(rparx@@eanmrpms Jo,n

t al basal

area of all trees) are covar.

erachaonot | gpmadc)tpolirindi cates random inte

factor specified.

elil4ai2i al

model of growth with Gaussi an

c oherritc h#oepsesn A s pba _ max_t+ot al

ba ofpaldibm _tpo thad +ma x

( bl)ot+s p(el]i es

re variabl e dMoared témel ys amediavsi dfucarl s al i ve

or the growth modelling st

2015 and could have RGR estim

e retained f
meters in
dling cohort

t her t he

(1 or 2) was included in t

cohorts behaved similarly or d

eri menSaédldiersg g pplldott asnpdeecmidaist yf i(tt ed with

ercepts t
cies plot

ponses),

| argedta_s ot @mad un

o account for the experi-ment al
(wdhi cbagh vepecieelsaiced i nfor mat
and earlier work spetthéicameshE

sur wirwatPma nleitp saoln. , w@ 0ddg¢i ded to treat S

dom (ratherl nnihbaina tfa cxteido)n se fbfeetcwe.en t he t C

proportion

estigate

f

t

| argest surrounding tree

h e tdmnepaecntdse nocfe caonndf aamsiylmneelt r
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respectively, on planted seedling growth o]

of surrounding matrix trees (local competi
We might have expected nonlinear relationst
openness. However, for the range of val ue

relationships wer We ayRe abrxgi onmadhsechtgcnd rirneelaart.i or
coef fsitwmi emdasure the correl atciaonno ply e toweeennn e
(0 p e n nteostsa)l surrouirfbdai_ntgo tqmaltopiox t abme@al argest
(p _ b a ), maanxd proportiom_0ddegpthe rstoadeert pst pot ent
mutli col Ll i €Ceafitdgnce intervals were estimat
t hBeayesian information cri t(e&rcihorar (@ABIl Q)b af8ar
analysis was dond&k iCobrRBR (Tamsi @923 h. 10;] me 4

(ver s3dBatlesl e}y. al ., 2015

Resul ts

Surrounding matrix trees

Il n 2012, a total of 5,068 trees from the s
733 were identified as dipterocarps (14. 5%
nocati pterocarps. Among naturally ogcdrarrigreg
( median DBH = 20.5 c¢cm; mean = A)0.c3o ncpre r enda xti
nodi pterocarps (median DBH = 16.5 c¢m; me an
4 Bp . The surrounding Dipterocarpaceae i ncl
|l ogging but at | edwieprt ed eorcxairtpise s Tthleant ort an é
pl anted seedlings was 12.Masalpf avhéh@® ome s ul |

di pterocar?hsdaf andln®ma.e3 omarps. These values
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estimati ons made at the( Samah ®&i o@é ver I0I1

naturally occurring dipterocarps were | arg
range = 10.0 t & 1ltblRarb tchme drnirgi.c Mmez2nt pl ant
(median basal diameter = 0.9 c¢cm;, MFean = 1.
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Figur@omMmpa&ri sons of the surdioptnari mga rdag pt
pl anted cohorts, and planted and naturally
individuals tha} makendpclasafetth cpohrontehré otfo pe ac
Naturall yAd)dbicptuemr oB)a@graonpnndr ¢carp trees wi
al |l pl anted seedlings, categorised 6y t
cohortD)1 caarmdbr(t 2, categorised bE)Nabher al
occurriFnhgeandcliment planted dipterocarp
area (cm) for naturally occurring &mnd.enri
4. 2E is equivalent tost®&amfg. Fidg R A4 .N2o@ ca mdh @t .
naturally occurring trees (>10 cm DBH)
pl anted trees were surveyed at the base
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A range of values for each covariate was o
values were generally | ow f{imedartainl ed(n@lp)y =
Fquartile (Q3) = 8. 75 %) as were values fo

bel onging to dipterocarps (medianapdiomor t i

surrounding basal area within 1a0p pm ooxfi meaatcenl
0.49°( Q1 = 9. BEAmN1. 3
of variables included i nMotdled) ,idndlah carlt , moada

opennestsot aandsurroundirmgermatrreatxa pmadgpalr t i on
di pt ereosctairmpéstae(d eod ds | wfg suwmr i vV=lc.rPe@dsde9 , 959
Cl 0= 008680.0068) awmrdtpsapomotuinamnniga®g é¢69 (0.
to 1.962) .weOfe telxec |lwadreidabl es i ncModeld,d4n2o0u
cohort and canopy acmlehakesbawaleare®aDO88&i m

95% GO. 0=082 )t,0 por.o0& t i eOn 0Mi0OBtde r-OSEDO PEI2 (= o

0.000039) , and proportion | ar ¢est3@s @oAdPuNd
wereexcl.udwidi | st random effects wer e retai
components were small compared to the resi

Size and survival of planted cohorts

Il n total, from the 721 seedlings present i
(24. 5%) died within the period #{1d)26L5VviCa
rate than cohor tc ahorlt9 41 sweerdd i snigrsv yreodn an d
survi val rate (169 seedlings), whilst coho
seedlings) of the totd@dks 827icepadleagstber

seedlings -0p) agéerdr 200 exhamizte2dl Irgmr =
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31.6 mm;-16d4nge; E)F8cgo.mpdar2ed t o t hel Oy)o usnegceorn d(

cohort seedlings (median = 2248®Om; mnkiDyme adn. 2=
although there were sever al i nstances of o
| arge basal diameters (maximum = 168 mm),

Summary statistics of the raw data showed t
average sizes in 2012 compared to those th
for cohort 1 (2012SEnfe@armn DHuarswail vedd amet e@ir e N:
survi®dévN 3.59 mm died) and cohort 2 (9.:
di ed) . Growth rates between 2012 and 2015
were slightly higher in cohort 2mmmetthi an R
yegr mean = OGyd8r mmaOm@B= Mt mMwmeYyr t han in col
1 (median =7'Pe®7 Mmemm mmO02lyle8ydr ammgmM@o7 D .

mm mwpmedr Fig. C1 in Appendix C).
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Cohort 1 Cohort 2
Figure 4.3 Seedling survival in 2015 as a function of size in 2012 (basal diameter, mm)
for cohorts 1 A) and 2 B). The basal diameter (mm) of planted seedlings in 2012
belonging to the and 29 cohort seedlings that survived or died between the 2012 and
2015 measurements. Points represent individual seedling values; whiskers extend 1.5 times
the interquartile range (boxes). Thick horizontal lines indicate median values. Note that

basal diametes plotted on a log axis.
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Effect of light availability, local competition, confamilial densdgependence and

asymmetric competition

Model s estimated that ol der seedlings fro
compared to younger seedlings from cohort
openness and tot al basal20a9eaokal ue@: =c ®ha
0.777. Conversely, seedlings from cohort 2 de¢

and 95% ClI at mean opennesyeyradDedocohonrt I

2 = 0.mm'y erdm 0-009 3

Light availability, as measured through cali
4 A and gr oBY Acr(oFsiegh.oedrvled range o8toreamnopy

predict eadnds RG/R vianlomeappdoxi mat el t2023@®. 6 t o

mm mmeyr respkekocctalvedogmpetition, the basal
trees, hdd®blganpasi ¢fvect on the sur wival of
predicted survival increasing from 0.42 to
basalvadwuede fofbeacstalwasr eadent i fied for seedlin
was identified between either seedling su

surrounding matrix belonging to either dipt

i ndi vidual t meeadte(paesnydnenmecter)i.c Fduer t h ehrg thoot aln't
matrix basal area and the proportion dipte
canopy openness were identifi edOvVerraadtrlh,e s

model s explained a relati velnyarsgnRaslgllb aamaunt

estismotf@679 and O0.9B8rnvifgalo waimsd,mordeaslpecti vely
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Figure 4.4 Estimated(A) survival and B) RGR of dipterocarp seedlings in relation to
canopy openness. Both predictions are made for cohort 2 seedlings, as they represent 527
of our 721 total seedlings and the observed relationship is conserved between cohorts (Fig.
C2). All other covariates afeeld at their mean values. Coloured polygons represent the
95% confidence interval obtained through bootstrapping, and points depict the observed

survival and RGR for individual enrichment planted seedlings. For both plets?7.

Correlation between covariates

Across each covariate within ourpriompiotritalont
|l argest surrounding t rwaes asntdatprsaprcrathil oyn sd i
0.390, 95% ClI F= ggTa@ret@3pcodBsteivasi bhebetyv
proportion of trees belonging to dirpstyer oca

0.110, 95% ClI = 0.037 to 0.181).
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0.751
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Proportion survival

0 1 2 3 1 5
Total basal area (m?)
Figure 4.5Predicted survival of dipterocarp seedlings in relation to the total basal area of
matrix trees within a 10 m radius. Predictions are for cohort 2 seedlings, as they represent
527 of our 721 total seedlings and the observed relationship is conservedrbetherts
(Fig. &4), and canopy openness is held at its mean value. The blue polygon represents the
95% CI obtained through bootstrapping, and individual points depict the observed survival

of planted seedlings.= 527.

Di scussi on

We investigated whether the survival and gr

key fraeltaotrisng t o surrounding matrix trees i

first found that seedlings planted earlier
growth rates than younger seedlingsty,in co
measured as canopy openness, i A) c raenads egdr obwat t

(Fi o) .4wd additionally observed a positive
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area on the survival of seedlings, but no

Similarly, we idpnbopbredonol affjest eflirt ban:

di pteyroocarpef any interactions between par .
We obser vreadngae wifdegr owt h and survival rat e
variation may result in a more resilient f

refl ect responses to di(fGuerrdenrts.oenRwei2t0adrOgd it
interventions in Sabah can enhance adult ¢t
poshter e&Kretlilem Bt @ttudi e2s02i3n Sabah show t
di versity also promotes increasVedyacasyyedt e
2083 Wu et daile. t 020@20) ati ons in growth patte
(Hector et Ad . wel2l0 kshpse ci Riss hiemnkeeogenei ty,
influenspdciienga rhet erogeneity <could in the
resilience.O6Borenng&t &€&schigdwed t(IRDI220i pt er oc
growth rates were greater further away fro
trees | ocated on ridges were more resista

nei ghbour abundances.i cAhnpeanttc hp liann twehdi-cshe esdal ni

growing than other seedlings of the same s
canopy openness or the degree of |l ocal «c¢comg
as part of 't he msge efddriensgt braenski,| ieenrhcaen.c i

The effect of cohort

We found that seedlings from Cohort 1 (pl a
hi gher sur vbhbead mhreart e2 Of Ir 204 mtaon Maeye d2 0 ngs fr o

(pl anted SeptemberTh2i0s0 8i st oe xApuggautsetd ,2 0aDs9 ) Co h
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planted six years earlier than Cohort 2 an
before this studyaestkmaln. ,tsod& 0thiyg pseurrivoidvi ng s
be the healthiest from Cohort 16s initial

reflects their shorter time sincel ploasnet ientg
al ., , 2068)ricted early root gr owt h, and u

(Gil bert .etWealal,so20a&nlt)i ci pated a greater r

seedlings than for Cohort 1. Si-the @ e npd eamtt
(Philipson et al.,,20a4a2geffusekdl i ngs ahouyl
growth rate values, al |l el se being equal

cohort 2dYFagd Ha@ccorrespondingly | ower r ¢

Size can be ladonhgeébutieme t@r ¢ wWiemg i n the exp:¢

We found no difference in the growth or sur
competition and confamilial density bet we
interactions). Our |l ack of differente bet w
resul ts. However, we may have expected th
pronounced in Cohort 2, as its increased s
pronounced differences in survolvaer aed oascr d
our experiment al planting | ines.

The effect of light availability

Within the range examined in this study (m
canopy openness), i ncreased canopy opennes
di pterocarp survival and growth. At cehe Sa
that enrichment planted seedl i n@gRhiglriopvs dret
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al ., 201%,0 2(l4s) result is consistent with

|l inked to the surrounding vegetation mitig

intense radiation in more open environment
seedlings in the early stages of their est
bet ween <canopy openness and the total sur

because areas with high vegetation motver,

included in the measurement of the total b
cm. Consequently, it is difficult to isolat
factors associated with theisuesbugdied
openness | evels over approxi mately 40% i n
relationship to change. Further increases I
dr owgehtat ed mortal ity or-t el anrdte r(sAtddacen segsre @ wtaHh
2017; O06Bri.enWetamtli.ci Ratpee ntnheasts, daesc rceaansoepsy,

for I'ight becomes more i mportant, outwei gh

Speciesspecific effects

Al t hough our survival model Isipegi Ffevealfddc
seedling survivalsp(Etelixed raa redeadno neafafrreicat ioofn w
model ;5) Fi ghe€e is evidence ispetchdéiwi ded ali
bet ween canopy Qoeertamliomé @tsdpd¥dctiyfeisc r es p«
to varying |l evels of degradation of natura
results are similar to other evidence on
environmental condirte ¢othsse arnwa teere modftl yahli. @, dn gleéS
availability is a primary driver. There ha

spesipexsi fic survival and growth rate respo
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Bi odiversi t(PhEx persiome refth ealo.b,s ex O/le4)p d caicfki co f
Il i ght response to survival and growth rat
inclusion at the Sabah BiodivetrsligrnyarrEtxpepae
with potentially sliitnyi.t e®urftuhnecrt,i oinral r ed esretr
uncertainty surrounding theAdhhtxomodnyHedk &m
2022; Heckenhauewrhieth @loul] d2®1 10y the effect
species mix is diffrVentgatrdaa)AdaRiORi3aaal yyp
rel ati vedowshamegemBfotdheeSabayn Experi ment,
Mal ua Forest Reserveplamtd Imevel s©O4 ahlha)lt,hemavy
for species to fully exploit t heir partit
certainty aboatdit\her spihtyl ogfeneheée species it

Biodiversity Experi ment.

The effect of local competition

The positive relationship between the surv

area was surprising as, i n( Pgeareersa It,B 0t6hBijrse r

variation @bMuobpby seecHeéwev r0,17)or a simil a
Asia, the relationship was posi(Pever,sf @00D
encapsul ated as the 0specW IGenelrod) T at ect
extension -©@dnnelel Jmyhpetnhesi s explofcibbil gt ico |

interactions medi ated(Bgt dhes elrtdOPmB&difctcs nte

given conspecific density, Il ncreased heter
encounters between hosts and pathogens. Ou
survi val of enrichment optaohnhedfsdedadl isrugs oc

bel onging to dipterocarps contradicts this
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removal of (dapercreoemanpsse@Olhgs were surr
% of al l seedlings) or only a few dipteroc
of dipterocarps = 0.11). Therefore, most ir
and the surrosndairreg pmatdroimedn gpnteebryo cwair tpls . n An
densities of matrix trees and proportions ¢
be valuable to identify for forest managen
protectibsa bgpobbefo¢Ngdyen V¥haeth&hhi.28& heé)n

et al ., 2010,; butn ierPtedarte st AR NoO si mi | ar
neotropical site. Therefore, one potenti al
whet her these patternsdoamienaureidgque rtedttshe fo
East Asia and why.

Despite these theories, there are alterna
bet ween tot al basal area and survival cou
conditions for trees locally inotwhimcdat drall
occurring diptepbenoparpad asnwel | as prov
for the enrichme&€ntar k|l &ntCesdh owed ®Il0iB@dgs .st em s
density, and spatial heterogeneity of ste
topography in the Atl anGoucrFllestwl wnemomlf. CO2
recenhdwed that soil texture, tdleetamowmtd o
bi omass stored in tropical moi st -Ifoogrgeisngs .

sites may have |l egacy soil -ctehat ¢d ossi dueor
(Hattori .etAnalarea2Wi3h a greater current t
intensively |l ogged previousl vy, resul ting

naturally occurring and experimentally pla
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di versity of ectomykmowrmitzali rhpuagt ,t lwdigrmo\
tré&aner et al ., 20ddd Aas | laenampshca ahd. tboy?2 IO ¢
use intensity-Mand utahd oUldKteS dRgpahraa e T had r.e  a2rOe

many other possible mechanisms driving the

tot al surrounding matrix basal area, and
variation in patch quality omltlye ogicuer anc
enri chment planted seedlings wild/l be neede

Implications for enrichment planting

OQur findingat indecauevi val and growth rate
are positively associated with the amount
Il n regions | ike Southeast Asi a, where enr
facili-taggi p@stegener ati on, targeting area
bel ow 40%) could enhance the succeyssupoft osuc
25%. Moarewmarrgf forest wi trhaynordaarreatigdeyt a reocgpuyi

enri chmendonpplaarnetd ntyo ar eas wittoh fqrcedtidrat e

recoversy enri chment planting i srastriedrmtdarel
t heref mawk tfiipnaenci al and ecol ogi cal benefits
The hoemogenesponse to survival and growth &

carried out at the Sabah Biodiversity Expe
research be caspeedfioutrespepees eso sspatia
before dwipdermamagpement denoingitomrd nagr, e waa dal.
seedlings across cohorts be monitored at t

for the effects oflepereadspl aptrvagyhagdopat tei
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Abstract

Degraded forests in Southeast Asia that a

c

f

a

o

ndi dates for restoration. seEsecmavehyg @i
reetl atto vgerl dvwtolr @estovi des | mportant i nfor
ol ogy andplpd mtninn gn gc o m pedaecitt ni-gveesltybyed s eed|
naturally daocuwrnrdienrgs t-aenrm Id iheeg slcoanlg | mp a
mmer ci aHerleooggwengexami ne how the basal d
6 8 enri chment pl anted di pterocarp see:
|l ectivelygtoggbdfandsbobsdewvalt4d5fgendst |
ecies showed similar rates -@rif owtehe dd n a ¢
|l ectively |l ogged forests, although some
eater or reduced growth wywpeesWenadéaet is
sitive rcaer Me l5Reti waelrfe vsede cgireoswt h r ates i
pasvival and growth of enrichment pl an
rr old growth and becosomeyshecees ssmhydp

the i mpacts of selective |l ogging than
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I ntroducti on

Tropical forests are often noted for their

(Mitchard, 2018) a(nFlA QG h& UMNEBER,atX0 2t0h;e yOnieatcte

Drastic forest degradation and | oss have r
greater total l and( EAQer202an pAOmMaand UNEPR
policy interventions have focused on the

biodiversity and mitigate( Ghiesc¢ ompaett alf. gl:

Selectively | ogged tropical forests can st
functi ons andansaelryBiudse she/t A arioewtegd2 ® h2) 76 % of
retai neldog gie  nfceer e s1t00,% aosf wrealmmaas, 85 r d, i n\y
speci es. VE dwarnd sSaebtbhbaihd ©2@itl1)75% of bird
speci es wer e retagoed fWwotédsihs.t wGiceen t he
biodiversity and (dcdsydt eent ifautnlcutdiidrhd &ign t h
(Veryard aet aad. t hao23ropical forests host

(Pennington eheak. foR6&6¥ can still carry

including carbon sequest¢(tBéirony andahydrda0b
et al ., 2019;a KRbtek eleiadri,c202280wkd (Batp

regrowing degraded and secondalfyomoné®s8us aa

2018, of fsetting 26% of carbon emissions f
peri od. Moorcea | wicdoemimyu,nilt i es which depend or
consistently rank <c¢clean water, clean air,

erosion as the (skRowli clesf anowrt ewVieadodeerldd s €t0 22

(208AdDPwed are generally cdogetwed, adegsadek
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can i mprove carbon sequestration whil st m

protecting biodiversity.

There is a growing body of evidence that s
ecosystem functi(othuanngg ient tahle. ,t r200@i8c;sT Ve r y a
proposed mechani sms -edcroisvyisntge mt hfiusn cliii @dii ner

based oBspepetiesresponses {duehkhvietamtneint ab

i s a critical-hiastsamptitbdeony thate, due to
availability, not all traits ca6Grhtennvaeoil
These traits, i ncluding wood (dvenNseiatoy ,e ts peelc.
2019)are generally considerespedaoi funcd elril fi e

speci fi calsluyr vtihveafld rtarvatalles i cal | y ob(sWrrivehlt ac
et aland2@ad@yuied to be driven by adPahpitlatpisoonn
et al ., .20TlRke €e2x0alcdt) mec hani sms stthiatl uancdeirvl

debatPend | i pson et al ., 2020)

Wi thin Sabah, Mal aysi an Borneo, degraded f
prime candidates for rest(oHwmda oet., a8sa bMa206s3 .
economy has historicall(yReyradledls agntd namb.lh,e I

recently forests have faced pressure for c

Sout heast Asian countries, tropical forest.
a single family of trees, t hlei nDdieprtser natiu
regener altogogni ngmostDi pterocarps fruit i rregu

fruitingd event § Asheoy twdhiles el GeeR&dsr have
ranges and are recalcitrant, producing no

to produce a standihdmbraki odt Thivi hge&kkidd
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is at a high risk of damage through tree f.

with selective |l ogging.

One restoration method used for dipterocart
naturaeag¢éyerating seedlings are suppBamant e
et al. , TR®ODel)seedl ings are typically of <cot
t he -tleornng ti mber yield of the fore(@Bamisn wetl |
al . ,. 2bk28hment planting | owland dicptsdrimnaar j
bet ween U%Sansdl 580205 GhOal bavl ¢ Pthi Sapalmn dheal ey el
of management in active restoration also v,
to ongoing mai ntenance with weed and cl i
herbivores, (Bmdhifneretti l@ill s @ni2d0ORS )hi gh cost o

these practices must provide tangi ble bene

for future | ogging and should allow for cur
car bon marikmbtesr,estromproducts, and ecotourism
Becausexpkenskeeof active restoration,- there

effectiveness rel at(i@reoutzoeindtewr aelt raelg.e,n e (

2020)As a resul t, many assessments of tropi
restored forest t o naturally regenerating
ecol ogi cal success can someti mé€rbezhkhi bhes
al . ,, 2Wdt7)studi es specific to Southeast Asi

increase the growth dBansurejtvahichl®288t 6
to the ecological characteristics of t he I

particul ar(Reyxhaldengt nagl . , 2011)
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One underutilised point of comparison for

a

nd survival rates of s-gmowihlfyosegtesd. sSeldce

may transform a forest environmenlti,maitrec!| u

(

a

S

Bl onder a&nd adpeci2ddflWgs gbmbestugak .t haz0 keS)t abl
nd growth of seedlings is negatively affe
everely 1impact an ecosystem, t here have
hreshold | evel of degalatdeartni aotni aneH iesrteablsl et hseta
OlThese shifts can occur on multiple scal e
hanges in comm(URot ke cetmplatse.rtnaitrd ¥4&) st abl e
ommunity shifts are relatively wel/ stud
Bell wood kut alhave 2108dcgi ved | .iEtntglse °ant t( r0t2i3

ound that a natwurally regenerating fores

Kal abakan Forest Reserve, Sabah; osmghgd wegd \‘beul

uccessi on rfaotre sanweardg afcaesntteracti vely restor
rowth rates of enrichment planted seedlin
aluabl e in quantifying-itnhteerivremrtd aosng icrm mea
l-gdr o wd rhe sft coul d provide tatgee OOrewl hnes
etermine the degree to which selective | o

eedl ings.

Taking -apspetiescomparative approach to res

S

g

pecific species with increased or reduce

rowtlmvivaff tramadeel ectively | ogigdeedn tfiofrieesdt s

Philipsonaeduak .et( 20A g ) ( BseulrGvyiowati f tira dar gue

b

e an I mportai+t sebemenwtarobtilomnewhich allo
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variation withi(Wrilgéir eé¢niail rrig:n MAamMtOi)nt er est
t r oodd di ffers in undisturbed forest condi t

in responseduceldogegirngrbati on.

This study compares the growth and surviva
withiseltehcet i vely | ogged Malua For-gsbowtReser
primary forest at D aSabma hv,a | Malya yWws ied d  BCeernrt &
2020. We also tested f-bevelcgrowthtrahnhebeby
and secondary f or dsetvselanmnd rbve tvvad e ir ast peesc iaecsr o
we tested-sfusgwvi®afff awtaldi dent i fwe exg Speavarre £ | ¢

growth and survival rates for each forest

Materials and met hods

Study sites

The study was conducted with twA) ,sitthees S ab &
Bi odiversity ExpeGaipiaecdhdr atnar ¥y hEx pamiume nt , v
Sabah Forest Management Arlea, piaec e p@fr olxa rma
publicly by Yayasan Sabah (The Sabah Found
standards wihé&i meameasnhaal.rainfal-20b0 bot
averaged 2&8PBm5ydd&wi9dh Omont hly means varyi
April to 302 mm i hhiJanuagiyo aodliawDr d toibmlee r v ¢
19-321°h@& of which dipterocarp81l6bmpSasend tF
et al .Sab2athl2nhas been historically dependen

devel opment . Producti o’ofpeakndd rRaetiy mood €irz 8 1e3t
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2011)and current producti ofye®w(tSeash adhr eF oaresu

Department, 2022)

The Sabah Biodiversity Experiment

The Sabah Biodi vhgrtspict/y wkEkxwpembménbt p i serasi t

| ar ges cfaileel dbi odi ver sity ex(prteecitnoerntete Sahla.b,l i :
experi ment occupies 500 ha of thd&keseutwvlerr
(05A0562066 N, 117A3806320606 E, 102 m above
approxi mately 35,000 ha in size and was se!
a second time between 2003 and 200&@s The
protected from this second round of | oggi ng¢

been | ogged once.

The Sabah Biodiversity Experiment encompas:
replicated and randomised bl ockbdaecdasiegn 20
m x 200 m) experimental plots semar atoad hil ryt
eaweést (64 blocks in the sout hB)r.n Qfnd h6els e r
pl ot s, 12 were |l eft as naturally regenerat
enri chment planted with var ylimgdetuarble,r st o
enri chment planted plots were randomly ass
singpecies mixtures where onen=sp3xZX:i el6 od p ac
X 2 replispatce £)s, nmfi ocBi2ur els6 (mi Xt ures x- 2 rep
speciesnmi 48ur®2 rneplicates equally dividec
an additional Il i ana -semo vwell owp) e atlme ntt otaap p,

di pterocarp were pl amrtxidt mcExper it hentSabHhab Il
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http://www.sabahbiodiversityexperiment.org/

D). The species selected represent the spe:q
range of traits and ecological strategies,

seeding nursef(iTeskwkeénaplantkioidég)

This experiment planted almost 100,000 see

time to complete. There have been two compl
census underway in | ate 2023:splec rocecnhpaigennie n
pl anted plots in the southern block were se

monitored plots have had theilGiemes chembewee
January 2004 and March 2020 nrinmlg ae@&ch hee pd L
basal diameter and survival of each seedl i:1
height (DBH) if the keetddti alg, i 30 3feirf@rdictylied it

Sabah Biodivewsin ¢ yi Exlpedeé deint t his anal ysi s

The Danum Gapb/nderstory Experiment

After the initial planting at the Sabah Bi «
specieeamsai ned, théelopraep earhoincdh ehiralg | nsuf ficie
plantiag, agdiusi onal 10 species with insuff
mai n Sabah BiodiversAtyge&aperexmpeti hdabl wa
2004 wusing these species to commantrer ahkyr
occurring canopy gaps and understory of th

5 CL .

The Danum Val |(e0yd ABi7¢ 136 " Gle Mtlr7eéA48' 00SEt s180

within the Danum Valley Consérv@ltaossn KAr ¢ &
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protected) primary | owland dipterocarp rai

|l ogged. The forest surrounding Danum Vall e
along the main walking trails 20 tgoeagap®s
in the( B0Mpy Within each block, two replic
5 D1 . Each pl ot contained two replicate sul
seedlings, one from each of thehspluoy, spep
pl ot was established 30 m away at a random
canopy. Both plots, each containing two su
were placed across a rangel logy .t olpno gtraatpali,e s
and 2,000 seedlings were planted. Pl anting
2004.

Species were planted randomly within each
To date, 19 full censuses of these 20 bl ocl
and November 2017, and parti al censaid.es ha
Il n each census, each seedling's basal di am
al so measured if the seedling was | arge enc
plastic sheeting applied over t hae durnoduegrhstt
treatment. These subplots were excluded fr.
the Sabah Biodiversity Experi ment whi ch h

appllined.oehl gie®ld@ i ngs frotndlee sbanymEGpes i n

n

cluded in this analysis.
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A A

Sabah Biodiversity
Experiment

INFAPRO
Danum Gaps-Understory
Expeériment

Danum Valley
ield Cel

® Key Danum Locations
Key Roads

High canopy
openness

Low canopy
openness

20 parale fines, 10m apert

Seedings planted on
‘oach ine, 3m spacing

Planted Species Richness
[ Unplanted Control
B!
16

16 with Enhanced

Liana Removal

25m

maximum

Walking Route
Experimental plots
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Figurleocbhatli ons and experimental designs of tUred erastachr yB(i EBaptehreir mda r
experiments are within the Yayasan Sabah( Blphree sS a bMaahn aBieankinu e rAsiet
consi sts-haf pl124 sf,osreparated by a | ogging road used for access.
pl ots enrichment pi arffoaud-s p@éngs end kelno 58 ngddei vhiwmprté6pbami <t ur e
additional |l iana removal. | n e aeph aenntreidc herweerrty ptlharnetee dn pilno tc,| esaereed
in this analysis are | abell ed ilna &bl htee ,Daannddnm gkaopsssonytexpedi mente
across 20 blocks along the main wal KIiDWgpt hrai eaclrbluadkt hew®aphl
regions of high and | ow aneopwoopephiesateWstubphotadionp@wvibi txih 52 5 r

0.75 m individual spacing. In 20 of 80 subplots, anng aodnd iotnieo nsaulb
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Comparison of experimental designs

The experi memtpalo xs2ifitaeken gapar t , -Isdh@giengs i ani tl
charact er i sStainces (eTa,mlleen ditZ80r a2 sondi es of pl a
growth and survival. These twoofsittles Bhé sop e
used in the Sabah Biodiversity -Bongpgersmeny
Experi ment, 15 egrte oshb goeea difgbt h@ageix e e seedl
were sourced from the same | NFAPRO nurser.y
compare growth across primary and secondar
do have some idn fdesieqmesFom itmet ance, 1 S
out |l ine planting within the protected Danr
clearing forest understory. This means tha
of the two dprfdjeec subst anWn dcdrl syt o rTyh e E xDpaenr
seedlings are plwntéadOoi @5whmisilgepaSaemayhr i Bi od]
Experi ment seedlings are planted in paral/l
l i nes. Heweée m@r,rtanht ito note that t hese de
seedlings i gnore the backgroundUnueqgett atriyo
Experi ment pl ots have no other trees root
Experi ment hlliyh elm wairce rwiutgh t hme tsr et cerr sviesnti inrgg
background vegetation. Wi thin 10 m of weach
trees in the forest? mAaderia mer appomxl entae ed
both ex@mérismeares, see Table 5. 1.
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Tabl eCobmplari son of the Sabah Biodiversity

Understory Experi ment .

Comparison Sabah Biodiver Danum-Uadesr st
Experi ment

Locati on Mal ua Forest RDanum €Cahkey\v
Ar ea.

Forest type Secondary forePrimary forescs

Si ze 500 ha. 0.1 ha.

Pl-oevel des 124 plots spli 80 subplots,
plots, divide
bl ocks.

Pl anting de Seedlings anéeéhrFibeive grid

metaleong plantiseedlings, ac
Adjacent plant given 0.75 m
by 10 m.

Pl anting de One seedlsignareOne seedl Bgge
metres. metres.

Secphd@dnti ngA second plant No second rot
out between -Se

August 2003.

Experi mentacCombination of Half of the ¢
mani pul ati osi ngpeci esp,ecficepl anted withi

species enrichother half we
l&8pecies enricareas of incr
pl ots with addcover. Twenty
removal. under went adc
treat ment .
Liana remov Al |l croomntrol |l phoNo | i ana r emc
cleared within
l' ines. Twel ve
at least 10 cm
from within th
Species useAll members of Twerdtour spec

Di pterocarpaceDipterocarpac
t hMal vaDenrnieo
graveol ens

Survey freqgTwo full censu Nineteen comg
censuses of si to date.
more frequentl

Survey range¢JanuariyMazxth4 2CNov e mb eirN o2v0eOn?

2017
Seedling st Sourced from | Soudfcreom | NFA
stock. nursery stock
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Study species

Al t hough the taxonomy of the Dipterocar pace
been u(pAdsantteodn & He c,k emneh awielrl, u2s0e2 2t)he speci es
Sabah Biodiversity Exppedreicmeont ewarsald.o,m st leles)

across publications.

Statistical analysis

Growth modelling

We model l-edansfeorlmgd mean basal di ameter (
years since the first survey. To aid model
Due to high variation in growth pattrammgse wi
of different approaches to modelling size

|l inearefrmiexed modeildewreh 6aquesadroatdi c) pol yr
di mension, a-efidmrict seaegmiesasdon mbdehawi f br i
and a general i-sffdleatddi model mi &AMM) with a
spline. Each model was constructed to esti

types and initially includeéeet h®ssamée paod

Each model é@sevpedpuwlraetdiiocnt i ons f or the growt |
type were compared to observed changes 1in
model s that produced esti mates outmadatded t he
observed values-efAlelctsomleigmearsiminxenbdel s w
forms were also discarded at this stage as
and therefore | acked enough obsegvawilnanéa

and interpretations would consequently be
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remaining models were compared by -ftihetiirngr e
mo d e |l to continue withkkff@enear arloided ks avediet i:

most effective modWill kwiindomma &oefRegeand s f ol In7 3)

Modelil®m.i i al mo d e | of growth with a genera
spline
s(years_since, by = type) +
type +
s(tree_id, bs = "re")

Wheyearsisiaceovariate representing the nu
point for amyipmdavidoabrtoéetwo | evels (pri
tred sida factor with one | evel The tacm ¢
O0g€e€ar s, shtyyype i ndi cates a smoother term to
=t yppespeci fying that a separate smoother wi
type. Thter eteebd &s ("re" )06 represenesfacsmoo
treeNotde t hat it was not possible to surv
Experi ment at the time of planting to prio
ti me span as possible, and so instead a ro

compl et e.

Our comparison of growth in the two fores
commonly wused alternatives. Comparisons an
(changeriamsfFogmed size over ti me) has t h
i ntarngr etthe gener al sl owing of growth wit

di fferences iIin traits between species (i.¢€
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with | arger i ndividual s of anot her and at

bet ween the species rather tH&mitnlkee dutniavder, s

Turnbull .etOmd .3gl t20rl2gt i vsd aindatra i esedi Matoevt
common( Bhizlei pson et al ., ROt4t hiTsrnobubhl | ¢t
common growth form and is |Iimited to a con
functional growth form was suitable for mo
t wo forest types. | nstpeade GAMMusae | ofvs a ar ¢

approach that permits more complex growth
|l ack of a simple coefficient from the GAMM
t he RGR and SGR appr oaomhese. ilnnstrepadk,t e@A NMMS
curves with a confidence interval. This ha
period of time rather than at a single poi
initial size, ti mer wafs yegrrs sasfetde ra sa tshpee miue
common size predicted between forest types
forest types, model s were fitted with and
and both modetemmpamred dugsierd | Yy he Bayesian
i denti f-fyi ttthien(dbemawdaerlz , T hli9s7 8i)nf or mat i on cr it ¢
we wanted to prioritise choosing simpler m
than more complex models wused for predict.i
Bayesian infocmaéesowi thibhetwonusits are eq

equal complexity (other wi s®chweaer =,i mp9d £28) mo

Mortality data analysis

We quantified mortality or survival of i nd
t hat classified the survival of pl anted se
(primary forest: 26 November 20rEnsssecsnaodd
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the primary Ifmoeshssatteebeigla@ secondary for

census was 13 months | ater than the primar

OQur initial Model) faoarg :sur vi val (

Modelil®mi2 i al model of survi val with a bino

survival ~ species * type + (1]

Whesarviisvatthe binary response variable (1
one)pecisesa factor with lbypevel sadtf or wiatcln
(primary and secompdasy af draecgtort ywpedh) ,26and\

Bi odiversity Experi aenndter glt@tr y o rEx Paafuone Gta p

indicates random intercepts for | evels of
two variables indicates the fitiiomgbef weaan
t hem. Confidence i1intervals were estimated
information criterion for model comparison

Oufinal chattaagseted 910 trees from the pri ma
secondary forest experiment, of which 908
secondary forests were wasveamraitatihenr ridith
surviving planted seedlings of each speci e

(primary forest: mini mum3@Pu mbnard d@fn anamdinmuind

3. t ormentseelclomndary f o%.esar glam tnidmailnhu=m 4=7 2
[S. gv,alTiasbl e D3) . 10fvitnhgen tienBibtdi,al 7 2268 6Bur vi v

experi ment al period's end. Of t hese, 272 w
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the secondary forest. There was again var.i
(primary forest: mi ni mum 4fSu mbl eerlp ,r cofre auix maaniu wmi &
43[H. sphngaB9; secondary.f ar gkntmddod fHam m= = 1

sanjg;alTabl e D3) .

We identified a |l arge amount of mortality (
Biodiversity Experi ment at the first cens.t
average). This is afyygproXx imoattelpyitty mefpae t h
analbyyasin et far. t¢(2p28hnl and subtropical
coincided with the establishment of the Sa
have contributed towarddg htitse moirghraliiniyt iralt el
t han that observed for seedlings replante
Appendi x D), suggesting that -sameci fiincramd ¢
entirely attributed ntso atthed hen \SiarbcarhmeBn toadli vce
Furthe@®anum -WGnader st ory Experi menNi Ywasdrmpdaaght
event, and so a comparison bet weemhINifPo est
droufght sseedlings reported dead at the fir:
which were alive at the first poi nt of su
censuses and mini i $e dheughtskomdscurhiengelec

bet ween bot hofsoagewdanttlyypest.hiG | i mitoiest o

pl anted seedlings.

Correlation between survival and growth estimates

To test for a correlation between gr-owth a

speci fic gr owt h and survival rates were 7
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comparability with previous studies at the
a gr-awt Wi v-af(fPthridddepson et al . ,. 20ilndg; | eT uvcakl
representsipregcisfpecciseusr vi val ModeksbwBrgrotwt Bi
was remodell ed as relative dogwamsfranr med dle
di ameter ( mm) over time (years) bet ween t

di ameter of each enrichment plant ebdsdedl i

5.)3 was:

Modeliimi 3 i al model of relative growth rate
Species * type +(1]| plot)

Where alll t er ms Mworde |,a $p.rkald ccrtielde dv ailrues we

extracted from this modmomenandcofrawrl aPe @ams
were calcul ated: predicted relative growth
proportions acrossl pothi tbedstreltgpese @gro
proportions across both forest types. Al

R Core Team (2023)

Resul t s

Growth

Aft erstaindar di sati on, considerabl e variatic
species within eaWhthiotrtkrstShypesidegbiodi 23
smal | sampflaes t eisz e ,s ptelte 3 a rewsiafn@lmbae dy wlea e

which reacbhbefd &m&GEHhd B CNAeHFHD . 5 mm) andi 62. 8 n

72. 4, mmespecwhPivliesime nd red.Ic@or fmiag t atimeeds mal | es
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esti mato@dB mBi2HheF1. 1 mnImand23F2 .70, mmgspective
Within priSnarar dqeeoneisftrod,d rgogphwndkthée t o basal a
79mm ( 68B8 .72 minY) . &HBIIG35 . 9 rmm)p,ect P.veragl,aamanar
an@. congfroerwhigshset almRomwnltQ itBot. 7) ndmidnb( 1 2. 9

T16. 4, mmé¢spevcern vteheg studied time period.

Bayesian information criterion model sel e
i mproved model fit after the inclusion of s
di fferent growth rates bet ween fnoirnees ts pteycpiees

showed an increase in Bayesian informati on

included supporting a common pattern of gr
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Figur@AMMZ2esti mates of growth (since reaching a common mini mum
(blue) fPBPreditcteggpegrowth curves for each species in each forest
interval (shaded regions). Observed sizes of i ndi vi duurael d. sleiendd i
Comparison of Bayesian informati ofm cmailta&rn oenmagissa o igh, ®lb(opaadD.Fegsi §
macrophywhldanacdemoestarate different growth rates between forest
indi stinguishable in primary and secondary forest.
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D. conformis 4 L4
H. sangal A L]
P, tomentella - L]
S. leprosula A ®
D. lanceolata - L]
S. ovalis .
S. parvifolia .

S. faguetiana [}

Species

S. beccariana 4 L]

S. macroptera L]

S. macrophylla - .

S. gibbosa 4 [

S. argentifolia L

S. johorensis L

P. malaanonan A L]

“ Index changcf'gfter interaction inclusiono .
Figure 5.3 Change in Bayesian information criterion estimates after fitting separate
smoothers for each forest tyegativevalues (left of the red vertical line) indicate species
which produce a lower Bayesian information criterion score when individual smoothers are
fitted for each forest type across time. Positive values indicate where allowing the smooth

terms to vary betwan forest types leads to worse Bayesian information criterion scores

and negative values indicate improved scores.

Survival estimates

Of the seedlings that wernee ane psouwrtveidv al8 6rvastae
obseirvetdhe secondary forest and 0.302 in th
spesipesi fic dif f.erWintcheisn itnh es Hs evcsomadgbarly f or
conf diradi ¢ he highest e®t i3mdt ¢ @ 5 8%uUOICVW 7&a) |0 .ah&It2

0. 3332404 436) , resSpeatrigaamldy f ba gldeed i talmea | owe
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estimated sQro22a00XBDdRp3aradi .. D848) ,(0r &ddBec
Within the prH.masraymfadd esncewd tagkae hi ghest s
of 0. 7170.@805%7@&andi00..66846) ,( Or.edAs2@ect epod.gul whi
par vihfadl t Ae | oweastt O0s.uOr3v0i.viadl4 Prladtnedsi 0. 08Bp, (O

respectivel y.

OQur model could not identify any differenc
forest types for 11 of theDLl&ncaealdleadmarmgaedled
S. f aguaeBnidamaac)r ophteewead hi gher sgurowitvha If orraetset

the secondary forest (Fig. 5. 4; Fig. D2; T
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H. sangal4 |—.—|
D. Janceolata - |_.—| |[ - I
D. conformis 4 ———
S. ovalis 4 "
P tomenteila "
S. macroptera |_.—| I _ I
] |—0—|
g S. beccariana . _| Forest type
‘G | e — .
§ S. johorensis —e— Primary
w —e— Secondary
P malaanonan 4 I ° {
S. gibbosa 4 ——
S. macrophylla 4 F——
S. faguetiana - F——d
S. parvifolia - ||—.—{
S. leprosula § I—.—|
S. argentifolia 4 |_.—|
O.b[) D.‘25 D.ISO O.I75 1 ‘IDD

Estimated proportion surviving

Figure 5.4 Estimated proportion of species surviving between 2004 and 2018. 95%
confidence intervals are represented with horizontal IF@®st type is indicated by colour

in the legend

Correlation between forest type and survival and growth

A marginally insignificant-lpeeitiswea veomral el
forest types was i derpizi fOi. 4d7 , (-GOB0% 9CUtad= @ .r D P ;
5Ap and a statistically significant positi

rates betwegnsfOr®eadt 35%eGl (=BO. 008 to 0. 8]

A correlation was also identified across b
and relative growth rategss0f78actb 3Y%PpELtiE@sS

0.46, i gechHndlgiypy 0f 0d4est9D%OG0 .t82, OHi, g. 5.
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indicating that species with higher relati
rates throughout this study period.
- A ’ go,s-B :
el k-]
> 0.3 8
g 807
g “ <
3 &
£ 0.2 < 061 J
N g |
= 8 > . Species
7 e A
8 %05- +  D. conformis
EU.W- E & D.lanceolata
= E = H. sangal
w T
£ 041 4 & P.malaanonan
* : I . & ! I I P. tomentella
02 04 0.6 04 0.6 0.8 o
Estimated survival in primary forest Estimated relative growth rate in primary forest * S argentifolia
S. beccariana
Primary Secondary S. faguetiana
c- D S. gibbosa
S. johorensis
= 084 S. leprosula
=}
B ® S macrophylia
[=]
S S. macroptera
E‘ S. ovalis
T 0.4+ ol
< L] ® S parvifolia
5 i
_‘é A
£
8 0.2
ﬂ L] =®
0.04 .
04 06 08 0.4 06 08
Estimated relative growth rate
Figur€ormnré&l ati ons between measures of sur v
selectivel Yy AQorgrgeldatfioom®shet ween survival pr
and secondary forestu:mssDtds, f-0bHNe®@tO1BsPecCDh:e
Correlation betweenr aetsd i (tham@mnbeeetrnwap ri ivrea rgyr oa

secondary rfiegy e0s.t52si t%5s% CIl(GPod.rd&tti @n0 b&1

estimated growth andr1$g0r.v7idyv,al9®i.% JptfcAnar y f

Correlation between estimatedrigsHowd s, a8t %s

Cl -0=. 980.t802. Across al/l pl ot s, species is

indicated by point shape in the | egend.
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Di scussi on

We investigated how the survival and growtt
varied across two forest types. We first [
gr owt ho fgplaa retse d bsed emkeleinn gfsor e st types,- altho

species and across forest type variation
survival r-gt ewt h nf ohestol slite compared to t
the remaini ngl eddr sdiofwfeedlr enroce acr oss Sf.or est
macr o)stheorwee d di fferences in both growth ant
positive correlation between species growt
correl adteiteerctveads f or survival rates beeftfween

bet ween growth and survival within both fo

Growth and mortality in oldjrowth and selectively logged forests

Our results suggest that most of our enrictht
or survival over time, irrespective of for
biotic and abiotic conditionandftheédeMdDlama nmF
Reserveadnso wasespective of the difference

regarding planting density.

No clearidi gftewéhcand survival rates betwe
studied species may reflect the current ca
recruit trees from seedling popul-anhabpsi at
byBanin etsaht héd2i0289d evidence of growt h ar
tropicalr @amidc slubAsi a. Wi t h il ne vteH o saen ad tyuwsceise si

that active restoration through tree plant
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regenerates within @hstupbed ftumal$ ttsh@2 8 @it
restored forests in the Ulu Segama Forest
the Malua Forest Reserveny hrmnat adovvegmr o
naturally regenerating forest fragments. O
|l oggi ng, as was experienced by the Malua
Experi ment was establtieshede doesesnotcocrdagti
that seedling surviwngll yam@8dgebienlb datasfar
growth rates within unlodgedkdaoaesi&s Kacéu
(1983)i mated that growth rates.fomacsSopteipm

parvijfehdd eprbstuwie@e nc M ODBH ranged frtom 1.0

Whil st most of our seedlings are wel/l bel o
predictions for some of our | arger enrichm
However, it i s surprising that growth and
show that tropical forest stands have sl ow
natur al di sturbances(Colneclaitdi ag. tredélhar Q
Crouzeillesfe@eundaltha(t20fl®drn est restoration
di sturbance was | ess intensive, which may ¢«

i n ant hr odpiosgteunribcéaB adfyoneeset séddi. verR ORB)recruit
and reduced Qiae oeptyr ecbowletr2 8 § 9i) md Wd sd umibarma el
condition shifts, including reduced humid
extreme temp(eBladmuder retngeals. , 201 8; Har dwi c

2018)We would therefore expect di fferences

types.
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Al t hough no differences in growth rates we.]
our modelling approach may yield differing
the high end of the shared orfanegner i occfth meallt u ep:
seedhraegsesti mated to grow |l arger in second:
(Fig. 5.2). Under the assumption that this
[ POX14)] of 0.00049 andof$ugbesatsefhattsdwes
model |l i ngemmpipc lhraemt, pliathé @ean dsaereyd | i agesst s ¢
slightly fastdrordedsdmt ¢ hpanrt @oeurméfactyheesti ng,
we used the Bayesian information criterion
compl ex-hbg, cpowpdeave slosmd t hat alternate mode
reveal di fferent results. For exampl e, i f
separate smoothers are preferred for fores

suggest$ bDhbhat 1054 sepnerciicchsment gpbwant aslt eeeidh i @

forest plots. This highlights the wider s
recent reproducibility study showingheéhat
same data set depending on modelling choi
(Gould et al ., 2023)

| f we consider our results in |Iight of the
for nearly all speci es, -denwma ncdhi nigntcabrude re & h sbdo

spediSasnner et @as . un2®n)andable I f the secc
undergoing a relatively e&elWwysstudgesohaee
assessed and compared changes i n tree de
di stuftRanerdaal & ,Clhhauz d ove, wdQ1l%8) expect gr o

early in successiont bloer dtViesp éBoiramre.l ard R
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I n the <context of |l oggi ng, mature tree ab

established, more comgdtoittviivne & ditvil deal s

& Wi egand,wh2e0r2e0a)s | i miting resources, 1inclu
Later in succession, we expect growth rate
canopy closure increasing conJretairttieo.netf oarl

This suggests that the disturbance experie

has not resulted in a collapse in growth
year s foll owing active restorateoml oglincal |
succession, we would therefore predict a s
growth rates to rates similar to those obs

Speciesspecific responses to habitat degradation

Some of our studied species did show cl ear
forest types. Ther e i s a -gpewi hgc evedpon
heterogeneous enyv(iHaornrmesnotna |& clLoanFdoirtgii.oanlsn2 019
an | ndonekKsaradni nsatnu degth oaMe.d (t2h0alt9)38 | owl and t
showed different survival rates in respons

bamboo presence withinUSBSdmastar yO@Brmiben Datn

al. e6howedyd that twelve species had a signif
t wo showed a positive response, and el eve
tolerance to saturated soils due toeekoess

prol onged Qiighetr addnufrad 201 & nat urally regen
spesipexsi fic responses to varyindglfearextt ede

et al .f ouh@S a)hjact hsoereednlsiinsgs wer e able 40 acc
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l ogging environment after three mont hs. |t

species to be better adapted to disturbanc

One additional consideration Ard aettsalt o (2
investigated the genetic divé&rsitwnBbsul ae
mal aanwmiamh were used in replanting projec

Experi ment awhdRastmr@afExperi meewvel Thayi o

in seedling stock genetic diversity due tc
specréesgdmast fruiting events. Some speci e:
of Iimited | ocal genetic vareaononcamdr popth

at the Sabah Biodiversity Experiment was pl
of parent trees, and so further work inves

species across both comoirder awtoiudrd. hel p add

Growth-mortality tradeoff

Overall, our estimate of relative growth r
supports the idea that speci es di ffer i n
i nvest ment in functional traits,t araintiyf elsitfi

hi stonWHutamai tte¢ ahis woedB)foll ows eardier ai
of f between growth and survivaPhiati pdhen Sat

2014 ; etlT &K, 6,)but provides an update over a |

the same edrfern al atlrsode@resent in the nearby
Thi s-otffades | i kely driven by specific funct
environmental ad@pPamatmoat alamel 3023 gh®&i anni

162



2014)On Barro ColoMeddadehsleamoaind®dal®d@8er)ong r
relationship between median annualised per
survival i n the shade. Within Danu+dof Vall ey
Shor ea janrhdorpeenas i ngerrewwo stao mean hei grhdatsr, eof 1 (
respectively, in gaps environments and had

the shaded understory ¢Whai tamosiex &aBd oavnhall

We instead identified a positive correlati
evidence of a correlation between survival
ear |l i er rRtsiullitp sscereae tbtydnle. S@d@h4 )Bi odi ver si t
at | east for growt h, species are perfor mi
changes. This result could be due to a ran
Mal ua Forest Redéreva edmdarvednt | ong obser va
these seedlimgsattuer pt hanhedn a controll ed

studies have also regoouerd tbabunvas!| abt er ¢
I i pahsdsed saqurrovwtvhmlf{ffbade & Bur slFemur2a00@searc

benefit from a more comprehensive assessme

abiotic conditions of i nterest and with ¢
di ptewodargeneral i sations.

Mechanistically, |l eaf nitrogen, | eaf phosp
and specific |l eaf area are traits most wid

tree co(nbousnsietty & Edwards, 2017; Huang et al
et ala., A202%h e Sabah BiPddilvierssoint senhtdEwaplce. r ti (mzedn
seeddgirnognst h and mortality r awietsh weoed neagrad

However, no correlation was observed for S

163



A similar result was found agai huak dthealsS.
(20.161)nt eBast nngifymdnd (t20&2t3)wood density wa:
with tree growth rates but was heavily de
relationship being identified in open deg
Bi odiversity ExpeGaplnmdterarndriyhde&xpPamument ¢
estimat-spgcstudyfunctional traits to better

of functional -sturaiitv-eafldtt rtalde gr owt h

Within-species variation and the effect of unstudied potential variables

Within each | evel of species and forest ty
survival and growth rates. Thi sunwarnisd tdiea re c
vari abl es. One such covariate is I|light, w
tropical ni chbPenslfowraem®8@as obeen shown to
growth at oun OiBresenpredeviadousl!l 2023; Philips

20B3 Anot her potenti@dBrviagn adalheawied (n2d0and )aslpl

were | argely negatively i mpact edndbeyr se¢a s
Experi ment . | nanearleydtairsn gblye ts kad me ¢ 2t0Re8Bt) el e v ¢
climatic terms were unimportant drivers f
Sout heast Asi a. Broader work directly com

variables to tree growtheamneédstovipvaliaer ons

on the ecologi cal Il mpacts of | ogging.

An additional consideration is the effect
seedlings comprise a comparatively smal/l p
Therefore, the | evel of competisibnhnkekpet b
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b

ubstantially more variable anMergapenddanta
2bpMBapped the spati al |l ocation, size, and
10 cm DBH from two planting |lines of e a
stimated that the mdhtdari XhepdahsdesBowgdof
he total matri x basal area around an enri
ur vi val but did not affect growth, which
ur vi val estimatesesWemdbesnodf Famseg smamidi n
ur seedlings -Umdédrhset dDrayn ubex cGaarpisment , al t hot
e greater than the selectively | ogged Sa

Hayward eshawed(2batt)t he meam D84ali nat ba Of

Val l ey Conservation Area was more than dou
(adjacent to Malua Forest Resetrrved .c Ardma ttii tc
wi || be needed to fully usdaepestaondthewgthb
survival of seedlings across each experi me
A final variable that should be considered
of enrichment planted di pterocarp seedling

nitially planted cohort at the a%alkdh NBifmod

rought and experienced a much greater pro

establishment (Fig. D1). Al though EI Ni o

red{( bobde et attiveon®&3toration projects

periods of drought ri sk dramatically reduc

u

he regularity of El Ni Yo drought events
rought fregeency c(lCanatet cadabhnge 2@l1ldetbDer

nderstanding of how EI Ni fo drought event s
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pl anted seedlings wil/l be critical i n bet:
projects. Future work at the Sabah Biodi ve
survival rates of the initially @®hiainhgddicad
not coincide with an EI Ni fo drought event,

of extreme weat her events on the success o

Concl usi ons

Here we show that selectively | ogaggerdo wtohr e st
counterparts despite their structural diff.
rates for most of our 15 i nvetsitongawietdh isnp escp

and forest types and recommend that futur e
scientific understanding of seedling growt |
matri x and abiotic condistuicocness.s A ngrperaitmar yf
help provide suitable benchmarking target

naturally regenerating comparisons.
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Chaptéenér al di scussi on

Summary of main findings

I n this thesis, I have addressed the effec
Sout heast Asian tropical forests and met ho
ugdate summary of the state ofl afyen eaqnt Brog e

and the context for the experiments establ

Usi ng -taerlnowgfaileel dexperi ment ,-delri skedw mehaic
aboveground biomass increase through acti v
pl ot s. I al so demonstrate t he positive r
accumul ation and species richness of plant
argue, based on transgressive overyi-elding
rich plots, that these effects ard sdtrriovrem
evidence of selection effects within the S
|l ack of effespewiebhiplmysfoaerlinked to the
diversity between plots and wiulggebt nkeaede
potentially identify these trends in the f
bi omass estimates between sites with and w

met hodol ogy, combined wibhh ghewthean nembe

show that | iana removal treatments have a
struct ulrGee amreardfyt er r emoval treat ment .

I show that enri chment pl anted seedling su
matri x basal area and is driven by increas
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explanations based on environmental stocha:

this test to be repeated in primary forest
by positivedéardiedpnpdfeanntiel,i awi | | -dreo wtehd ufcerde s
conditions. I al so show t hladggend reeacaenrdddriy
can increase growth and survival rates.

I recommegdowhht fotdsts should play a more

trop
show

fore

Thes
bi od
sequ
fore
i mpr
demo
gl ob
bein
Expe
Sshou

r eal

-

cal | andscapes by providing benchmark

t hat growth and sur viieram prRitmsanhaegdi:

t experiments. Toget her, I suggest t
it ment are driven to a greater extent
for a grefatkekenaummeaerk tamnas yadgtdbewt B ufnocrt @ so

results have strong implications for

versity active restoration measures

stration as well as other ecopiysakem
t s. Finally, I address design quest.
ve our overall confidence in the re
strating the remarkabl e accuf#ayndof t I
I navigation satellite system (GNSS)
I ni ti al kryangloann toerdd eirn basednon si ze.
amelntot Her ml macg i ve restoration experi
d be pritermtmpedt bot@agmsgiadledhef Fengs
sed, hel ping to advance our understan
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Acti ve restoration as an effective me

di pterocarp forest functioning

This thesis sits within the growing debate
forest restoration in acceleratinfdamome £t
al ., 2023; Crouzeilles.etvaldencz20hbgaimmitl it
of active restorRdorotne ri nelhuatlds sihzoOnwkeldb yt h a't
regenerating tropical forests in -ghewtAmer i
l evels in twdefdecasteastiidn plosnd use i-ntensi
anal y€rosubgil |l eswheitchals.ug@2G1®)d ¢t hat bi odi

structure recovery is higher for naturally

I n Chapter 3, I show a cleadeposetdi est i elb
aboveground biomass and the use of active
apparent within five years of 't he aecxtpievrei me
restoration provides tangi bl g Beacnalno geitc all . b
and i mpr ovreast erse croevl eartgigveen etroa tniaotnu.r aQur r esul
wor k at the Sabah BPbdivpsent et Eapey i Memi2t0
strongly argue that active restoration 1is
bi omass accumul atdomi nates foreisptser Quar p e
t he concRaocsritoenrs eath@Galouze202tpeevuakb. theoec

of the Dipterocarpaceae makes them a uni gu

irregular mast fruiting, sho(Asditepeestabl di
Umar ani etdralmati 2@0Lby increase the I mpact
resilience. Forests in Sabah have al so exc¢g
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( Re

et

act

spe

pr o
Cro

wh e

ef f
add

Wh e

y

a

e

e

e

nol ds, ewwhath,i 80kRadwn to reducEeBarmiensuc

., 2023)
e (204)8 aalr.i ed out an observational study
rve which was enri chment pl anted usi n

i versity Experiment. They found a posi't

othsitgeadidvéorest structure of adul't

ner atiawt pdmadsf olihd an i ncraesasae riens urlar
ve restord@abhisnomsasvatsonal result sug
increased productivity I identified wi
i versity Experi ment . Wh e n active rest
i der at egedmvaarrdesr e(te.ad.. (20212) amd i Welrdena
ies richness should be expeceecasy ot emc
tioniingbdlhleocetyl mlpar t2i0dwl)ar , rare speci
rtant to(tLtheins etcoanhdt s@OPBEPmMoting rar

roportionately ind™Moasé¢ |l et oYy Bhddsn |, If adylc
ides an additional explanation for the
zeilles Bh Bhaan&Ibydijs menal uded cases
en antoinve species were planted in monocul
ogi cal consequences and explanations r

| Exmpeirt yment .

mai ning knowledge gap in the context o
ctive these projects are. Only a hand
tional carbon yields fr(oHol dct& vZea htarwa p i

l er et ianlc.l,ud2iOnlgé )pr oj ects at (tPhhae | $ plsam
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et al. ,A®&di2t0)onal financial incentives beyo
restoration more viable, such as through c1
which all ow restored forests to gethyerand i
car bon s e(qTueedsetrrsaotoi .oentOna&l c,| ea®@ 2 nsensus gl «
high variability in totBaouhcemeabf, az20R28ep
201L6)which makes forest restoration a finan

depending on gesgrhapsyomand | and

The effect of biodiversity on ecosystem

After showing that active restoration posi
investigated the role of enrichment plant ec
A decade o f research has hi ghlp gbeéedvedrmrme
biodiversity and(Babesgséeea éunalti on2®h@6; Hc
et al. ,H@QwWwewrqgr , most experiments have been
temperate grassland ecosystemsgeared,al asiagr
current consensus to tropical f or e shtas . | n
bi oedrisvi ty experi ment t hat the success of €
derived aboveground biomass and canopy covV
ri chness pl and ®&lde Mds sl tf i ed@ports the ran

shtropi cal bi odiversity experi(meartrsuftohlateth

2013; Huang et al ., 20TRBe ®xpei nm&nimod ak il mn
the use of two separate satellite systems
further credibility to my result. I n ter ms

benefits of active restoratianucahl erenglkac

pl ots with-ra cnorpd asnpte cnige smi x .
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Biodiversity in the tropics has been shown
aboveground bi omass. For i nstance, t he h

evapotranspBratit j onkelalte 0@ haolwed( 2th2a3 t hei

of throughfall in dipterocarp forests wer e
Diversity Index in some cases but did not s
Gei Cl er eftouanld. t(h2rOolu3g)h f al I kineticl eaawvedry i
s wtbr opi cal forest was relatedi mmermaehi et
(2048BdPwed that rainfaldl interception was i

tree size, of which spe¢éAsbtiodenti®B8)coul d

The effect o f bi odiversity on ecosystem f|
Chapter 3, I found that the r edartiiwerd hd gpn

openness measures coul-21012 rmadnibteoadieo iy ctp lmad i «

overall effect of active r ext0®8 ama nmoint owaisn @ |
It i s unsurprising, then, that some treat me
effectlOwaarhs nof i nvestiglade ilomck Tdf sa mhiyoeix\

on forest reRBRbwvanyekpkiali nteens teatb yavlhi ch2 @ D énp a |
tot al basal areas of pl ots along a range
biodiversity was identified at the Sabah Bi
factGitlhmaatn etdiadl .no(t20lien)d an efy¥earts oifs bp erdf
not surprising. Of Badrei re xete r atlmen (S2a0b2azh) |1Bd toal
Experi ment hesl-raunrgreigrtg at approxi mately 240
Asian forest active restoration studies ar e
indefinitely. As such, it may be rare to

ecsesdyem functi-ommmigng nprschjoect s . Even withi
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Experiment, subtler treatments, such as th
compl exi t yspweictiheisn pflooutrs, coul d take much | o
Greater focus should be placedr iomemtas nitrai t

l ong term i f these effects are to be fully

|l nt eremytimgdwl,ts in Chapter 4 fspuwrcd erso oegf fl
species plots) on the growth or saemiinvallyr
in contrast to the rQCenseuletx pil daenmattii foine d eilmt @h
each study period. I n Chapl etr wiHeaseasdklri m2¢sl -
and Mays®#0ib5er ti me -ypeah Dar @t ditainon hperlicod u
Addi t [foondalddl ed assEschkneatt valby h(e2 Gipfreaineds

lespewilos s analysed in Chapter 3 found no
i nteractionsriicmmh molret sspessia®ssessed by comp
height. Our wad etldkdare dtmargeeurgyhl y tilhsee & aime t
Tuck et @Augus2t015012 an%e pNoevnebrebre r2 021031,1 r e s
Combi niChapmyrs u3 t s wWihtalptteWa®« amftd , all . sUQEBG)
that the effects of diversity are not real
of the enrichment pl anted seedlings. To e
sensed and field measur emethé eedctichasnugase st
aboveground biomass are due to the develo
mul ti species mixt-spesi esmphoed, tewehsthgbfene
bet ween tree crowns in plots wyté&i mblkar cbm
has previously bédocébservidrdden E@d&plypot
only estimating forest functional changes

for the complexity as-domeasednavli t &8t raucftouree
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archittecvene mechani sm may provide an addit
biodiversity iflfman eotbs®&haed2&hG6) the cano
may hel p expl ain ot her positive relati on:
functioning, sOoBraent B¢ hatndie®@Liynwgs pl an

communities can better maintain growth und:

compl ementarity to resul't in increased tre
know how |l ong this feseeddbrack e@rrtbd mayatia
biodiversity and canopy architecture will I

i nstAqrcter, etusaed 4 20d@bDi nati on of airborne

to determine canopy heights across Sabah a
tall-efcanopy heights than | ogged forests, ¢
t hese med hodomogi eor canopy architecture i

experi mentUssle soeftti hgse technol ogi es and n
Biodiversity Experiment wil/ ul ti-mpeel §i al |
di fferteweers pleot s, and tkeket omyerhwedtihiesdisv

identifiedriem|l Capt ehrduigdhr di fferent canop

The fact that remote sensing can provide i
a key result, although there is a | ot of wut
effecti-demgnai obwal snapshot,estainmaeessefl bi
in adtmeesi onal fMrrtechad ddeltscalpet h20x4) i mi 1
to penetrate beheaplrai taraest theopVyl ometr
Pfeifer et al. (2016) and usragamnmdE€hgpalkeirl 3
to accurately predict abovegrtaumd inigo nadsosv e

bi omass in tropical forest s, and consequen
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are often directly related to carbon cred,i
public policy are mhornt tmisdimeadend, itsherpur|
primarily to identify differences between
to estimate, absolket d healgwead adsa t r vteg F pls e | t
gr owi ng body of support for t he relation
functioning within the fooprRtgemaemd elpaesa cdtirce
without accurateMovamigi f @ar wae deswobibmati es ng
sensed esti mat e of abovegrnpurnd aamdbkewinl | ac
compl ement ar catro i iele ©Ohwa mk eprir @& imbirreg accur at
detailed estimate of the capacity for enri
sequestrammtdi dm provide additional cal i brat.i

ecosystem functioning atntt.he Sabah Biodive

Whil st acknowl edging t hkermriivwkd mdauwsn ey ofpt

bi omass, the eessttedmaatht edh a@atd eaes3 lare higher t
After one decade, | estimatedmohatalpdaadgrrdu
bi omass t han our contr ol pl ot s, resul tin

approxi mately r'2as0Ossumiigrg Ctly@ata car bon cont e
abovegroufdabt oma®s Tholnhaiss, i201lUlarger than I
byhilipson, ewhal es{kmhmda0Opd increased carbor
1.5 Mgy €hatta t he nearby Ulu Segama Forest Re
met hodol ogy, I also estimate the carbon ¢
Biodiversity Experiment 1 0 widda hamprtoxei masttdlm

by Asner et. al. (2018)
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Implementation of the biodiversigcosystem functioning relationship into policy

One i mmedi ate question raised by the now c
ecosystem functioning IS how these resul
management practice. The most directamet ho
results into terms relevant t os ppeocliiecsy . p Il on

cont apped xi mat &rhor &4 8alMgv ehqar ound-speoimasspt bt
Al t hough there are concerndodaswrdr dshdnamg essa
(Mitchard,etasaumjngO0OiLhpt the majority of t
stems and that 47Mawtomn Wo g dihsl ss¢ arrelsdud )t s u
i f every pl ot had been planted with 16 di
additional'th2ang iMgtGehasite wer es pd aindg £ dp Iwo t
More wHuweaeng ,et sabwe@20haj, i n a Chsipreecd e ss u'l
mi xXtures accumul ated around 1.7 times t he
monocul ture, -amal asgfobampencit @ags e Xieasn g$ ean
found t hat miexde dp rsadauncdtgi Adhimtayg ebays 284l % |, e RDI1 2me

analysis of a network of tree experiments

70% higher i n mixed -sppleacniteesd @EfWaarmat satrtsi ettnhsan . s
By providing these results in terms direct
yields, information can be made more easil

forest concessions shoul d exploiccki tanyd,r ewhaer
necessary, proactively find dohveatbsBohy tespc

including financi al support as wel/l as man
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Biodiversity and ecosystem functioning

Evidence of complementarity effects

The relationship between biodiversity and
i ssue i n eco(l®agryditrhalse céth taulmeg, t @0 ™A i N pr o0C
drive theebtbosystvemsi ugcti oning relationshi|
clear evidence for complementarity effects
16 species genersil ntyp exutemse rpfloortnse,d daelmonst r
Only a single plot planted with one speci €
estimate (1289B&ciMys hmi xture alVvVerpge -sevéra
species mi xt ur essh oowitnpge refvo rdneendc et hfiosr, t ransagr

Sabah Biodiversity Experiment.

Compl ementarity is driven by nichereadau fe&r

Hector., WeOOelxX)pect to see niche differentiat

| i dPthi I i pson aed alater 7@OB)rli &ami leitt gt hougP
experiments identifyin@Grndhesmameeathaalu.g,mexs@l
Chapter 3 that increased biodiversity gene
spatial complementarity. Tree crown archit e

is closely rel at(eRlootrot etrr eeet Epaéel d £ o0 c2etaQoaf)e ¢ a n

di fferentiation haéWhblleinamwmd se Ev@edpeknerC aenth de

201&nd dhNinkal aus et al . ,, 2&I1t7h o uXguh erte sala.r,ct
compl ementarity in dipt(eHwamg petcod&ismuwe2 0 &
aboveground resources, di fferenti al use of

may also be a driver of compl ementarity ef

suggested that variation inoobotypgepthban
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speci al Besradn dane, 1981; Mar k é 9t Buhji emta &a IP.oo( 2 (
an®diun et ahowé@aoOév)idence of overyielding i:1
including root | ength and di ameter, so spa
wel | as the canopy.rophper ismesntesnsi rhamel tail s
partng iofniresour c edi vcearns iotcycws p s méwhselg.h,t h20 @5
is a high propor t(iFo mkaef &s Bergidzlrli,isi2e0 DyBigtch ecs|
partitioning theory. As dipterocarp | owl an

communitie@BrgwobparRi0dde partitioning i s expe

of complementarity effects in the tropics.
Facilitation may also have a role in the c¢c
this is most commonly |inked to amelioratic
(Grossman .etWhall.s,t 2t0Ohle8r)e i s evidence of f ac

(Adair et tathere 2099)i mited evidence of an

and tr eeKodtihvaerrisiditynwad st i(gRgadt2eld how tree div
excess |l ight stress impacting a plantdés gr .
temperate species showed reduced growth r
biculture, bushowetd domenasapé¢yi evsmpetitive
More widely, an expemDimértnaleadaotbgt20dg6adi
condi tKro°ntseri netweale. f(oahld5)t o not -eecxslysitre mt
functioning rel ationships 6 lobs enr veecdt.o mArat air tr
associ(®Btrieamsd ,eywhi2OlL2are known to be abl e

bet ween( Fprlaannctiss & aReadb,et We&SB) mgpreci es al .,
However, there is currently no eviaemee t h

ectomycorrhizal net wor k e x p(eBri eanrclee yb)aecti lalt.
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in contrast to the facilitati©Mc Gwieme,i n2 ot
Simard et ahis @iOfl2¢rence is thought to be

ectomycorrhizal fungi wiBhiwmr laelwyd).,an2d0 1d6 pt e

Compl ementarity effects are driven by speci
refl ect and dictate resource utriilcihs antiixotnu.r e

al so have greater values of ifrugWillyla mars ditv

(201 Apt spatial compl ementarity of tree cr
diversity. As we see growing arguments for
functional Mp&i $peetiaé., 20i06; CNaptéee 8tl a
the effect of altering functional di ver sit

no effect of funkévehahbdveegersesung bnomhses L
of functional dgkeagessptyotwi i Binefaurvely s me
range in functional diversities is in par:
achieve predetermined | evels of genus dive
t he &bBouhsitas meant that mBnycem@i mbafespbkat
were used acspeegilamasy ftTedwcing the functi
achieved across these plots. As it took wup
apparent, the much narrower range of functi
l onger pesioeedbtdtt me show eipfefcereesn cpelsotbset w

present .

Evidence of selection effects

The observed overyielding suggests compl em

necessarily exclude s-el ebtmbrteféscta. séehe
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be reali-gedl Oynlhpa garmicn g sdomi nant within a

hi gher growth rates(Lomrelaowert My r srad2edt2yz)tr e |

sensing data in Chapter 3 is unable to pa
enri chment planted species. However, i n Ch
pl anted seedling growth and surviswealci st a
m xtures. I f selection effects are present

bet ween the aboveground bi omapecieesd i Mmaxteu roe
the growth or survi valxt esapneec ioefs tphloostes s(paesc i
domi nance) . To test themoetnds eso mparved r @and
estimate whpecias simingd eres to their -growth
species | mifotunrde sndbet weeal abioomground bi oma:
and relative growithfenmnercgrne§ionmegd alzsad dle di
oveli me (years) bet ween the first and | ast
enrichment pitam0E®3I7,sePrEHIiSAg  X=00 10 . drigirFzyi v al (

0.21, 9B LIt wiOt-d8plenc ilébs mi xtures (Fig. 6.1

with the identified transgressive overyiel:
l ess i mportant than compdemenmnsysiyteyn d fufnedt
relationship in | owland dipterocarp forest
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Figur@orér.ell ati ons between iIindipeicies! pIpeci e

species (AN)i x@drag s .on s & e thhvaksieetde est i mat es o f

bi omass -siprecsiersglpd ots and -spé¢ait év emigx owt é&s,
0.037, 9B %5 L1 t(B O0Co4r7r el ati on-bdbxeddvee st ismd ted
aboveground bspeaisesipl cti -ghaedi sarmwi-xalur en

0.21, 906 4LIteE 0. 31.

Because tropical systEebhsowm,e f&meé)y ar d we stphee

changes to biodiversity wil!/l have(@l aekat.
et al.,He@waver, in Chapter 3, we show cl ea
pl anted species richness. |l hypothesize t hg
forest canopy, and that at relatiivehyedow
have a stronger i mpact, supported by the
biodiversity and ecosystem functioning 1in
benefits from continued increasederatbspeci

the Sabah Biodiversity Experiment used a r

physiological eémdc kuerct aabnda It2hGatt @ )tthse 1 ncr e a
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functioning seen in Chapter 3 may not be a
of 16 dipterocarp species found within the
does not dispute the qualitativei zeesmday b ea

smal l er with the random inclusion of addi t

Lorgerm biodiversity experiments should al s
bet ween complementarity and selection effe
effects will increase over timerwhiul et aél ¢
initially being strong as the most compet.
the community tend$fargwanes ath osviealbdf @D at €
biodiversity experiment t hat t he mechani s
biodiversity and plant biomass producti on
first two year s, and compl ement aroil tl Yo wh entgwe
eight vyears. OQur strong findings of compl e
Fargione @g@ivah. tf2007V¥ mespan of our experin
t hat compl ementarity effects and selectio
Biodiversity Experi ment in the same way a

pl antationsyablpcecthernag trees surroundi

have not been experimentally controlled an
spegiieh pl ot s. However, on the timescales
expect camipi memnf ect s t o be dominant, anoc
compl ementarity effects as an i mportant me

recovery rat es.
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Effect of | i ana removal

Il n Chapter 3 | showed that, at the time of
di fferences <coul d -shpee cd eetse ce rerdi chthentewmd e np | lag t
without additional l i ana removal treat men
demonstrated a positive effect of |liana ren

(O6Brien .etl aslugge2sOtl 9t)wo expl anations for t

' iana removal treatment (July 2011) and th
been insufficiently |long. Since bliG@edawver si

after pl anting, more time may be needed b
resul ts. Second, the spatial resolrusg itoon f o
30 m, iwhildhkkely insufficient to i dertioffy di
trees and |l ianas from the canopy. A met hoc
bi omass attributed to |ianas and canopy tr

technol ogies that can directly branat be npa
|l iana sources. For i nstance, terrestrial I

algorithms has been shown to detect 70% o

(Moorthy et al ., 2019)
Aiming to identify an effect of ' i ana rer
Experi ment i n May 2023 with t-basedi goaeppl n

project to quantify the differenspgeciinesab
enri ¢hmdmnted plots which did and did not
applied. Unfortunately, due to a |l ack of r
unable to carry out t hi sl pcraorjreicetdo-bapte dana g !

asasessment of c alniogprya | vi eagneat aatnido nn ocnov er usi i
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met hods dolat lei ke riamkRir 20D 0t). aEi. glptr D@ F pl o

with additional | iana removal tr &6étpmentes we
pl ots which did not wundergo additional I i a
m survey ar ea, 16 regularly distributed po
each point, a canopy scope fwacsamnuspy s oo peest

overl apping with -bpanaskgygelnanas, canopghn

each cardinal dme teicc i nmeng n awads tcheel cauli athe d .

200m

100 m

¢

ouw
L]
®ov

Planted species
richness L] L]

16
16 with additional

0 250 500 750m
liana removal

Figur@amaRy scope data ¢ADdtextwan aomelt heodtod
pl ots, consisspteicnigesofpleoitgshtwiltéh t he additi or
eight adpacerets p6bots without additional | i
pl ots owBWveked. each pl ot, a 50 m buffer wa
100 m subpl ot , -derndcrpminretds uwea rnegg mpr el Hamend p

& Brown. (2005)

Data was analysed w{varsai ®@eCareffipamstcho 2B
the 6gl mmTMBG6 paclKkragek s( veefrtsa loi.nd €L2tAilf7y, ¢ h an ¢

proportion of the canepy mbeopeegetcartdiomg Ila
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bet ween plots which did and did not have ac
two key results. Firstly, the -pemavednpéobd
(esti mat edO0.0b9, 85p6cCt =t 0.049r070xcompared to control plots (0.199,

95% CI = 0.1760.223). The proportion of nellna vegetation covering the canopy scope

was also greater in liarr@moved plots (0.871, 95% CI = 0.88888) compared to control

plots (0.697, 9% CI = 0.6680.725). Secondly, the proportion afrmpy gaps across both

forest types was similar (climbeut and control proportions = 0.086 and 0.094, 95% CI =

0.0730.101 and 0.0882.110, respectively; Fig. 6.3).

Canopy gap Lianas Naon-climbing vegetation

i

0.754

R

0.50 1

Proportion canopy

0.25 1

T 5
J— —
T T T T T T
Control Liana removal Control Liana removal Control Liana removal
Plot type

Figure 6.3Proportion canopy occurrence acrossspécies enrichment planted plots at the
Sabah Biodiversity Experimeritlean and 95% confidence intervals are provided for each
assessed component of the canopy acrosgpééies plots with additional liana removal

treatmentI(iana removal and those without the additional treatme@oitrol).
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These results suggest that the liana removal treatment has had a continued effect on forest
structure almost a decade after the most recent cutting at the Sabah Biodiversity
Experiment. This is supported by a study®yYy Br i en estatdy &f018p
Biodiversity Experiment, which found that
after | ianas were r emov eThe dimilaitminpanapy gap r el at
occurrence between plot types suggests that canopy trees have successfully filled in the
gaps created by lian@emoval and supports the idea that liana removal does have an
ecological benefit to the growth of dipterocarp trees. One limitation of the Sabah

Bi odiversity Experi ment 6 shanded $iangy emovalsalsd h at
underwent enrichment planting. Future studies would benefit from isolating the effects of

liana removal from enrichment planting within selectively logged dipterocarp forests. For
instanceFinlayson et al. (2024gstablishedive 800 x 800 m liana removal sites nearby

within the Malua Forest Reserve, and used Serfirstellite imagery to suggest that

canopy disturbance and fragmentation from liana removal was largely indistinguishable

from control plots within one year. $timy work in this thesis provides evidence that the

cause of the lack of difference betweensp@cies plots with or without additional liana

removal seen in Chapter 3 is due to lianas occupying parts of the canopy in control plots

and suggsts that their biomass is being counted towards satdéiiieed estimates of

aboveground biomass.

Effect of the surrounding forest matri X

Il n Chapter 4, I anal ysed the relationship
seedlings and the surrounding matrix basal

addressed some of the variability laoscsaolci at
l evel, identified within Chapter 3 and mo
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co

be

co

al

s h

tefBRanmire et lalshowdd®3t)hat i ncreasing tot s
rresponded to increases in planted seedl
t ween seedling survival (afhedt drod & L2t0M0PI0)Sii X |
| ati onships have been identified when or
ggest my result is |inked to the species
nsity of heta@ai @ft@miolciaapy (1itlre.esi-sapeernta fd i fca n
sts and pathogens (WcdGesi B 9Beedlusrgl g
Sabah hasucdnedewitilryacti ng( Bepnelrdsaep afte
creases in matrix basal area in this st
pterocarp trees. However, this theoretic
pl anati ons; a correlation betweemebluecbD!

nerally better growing conditions and so

i ther as a result 0 Go sholliedu rtyy peeto raanliid.i ,hio2p@oLyy

gginnduced diHsatturolran.ceetTeaslt.i ,ng2@h3)s alterna
cessary to distingui sh bedteweeennd ean cter uaen de fe

heterogenous environment quality.

direct benefits currently seem to out wei
e Sabah Biodiversity Experiment. At the

anted seedlings studied in Chsaadt eri admew eerr

.9 ¢cm) . Because of their si ze, elnosuugghg etsot

mpetitively interact with neighbouring sc¢
t hough most seedlings aye praeagmalgliyl &t i

ading between seedlings is occurwureg r el

i mpacting seedling growth and survival . Th
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result of | ow maturleogged fdernedgtt,i ersed wnc itrhg ¢

and -$meciaf i c competition between seedlings
Chapter 4, I identified a stromgsposxintdi \xen
growth and survival of enrichment planted
the strong evidence base for | igh{Gaeabh, | i
1998; Philipson Rat ails ,ceOtl2i,nl2Y1®H9dr e compl

we i denti fie@adBrFoern eexbarngplleed, (210d419) after |

Sabah Biodiversity Experiment in 2014, the

period was due to an interaction between
drought stress. plrogwitdhes , f iyt heers eavicdhence
avail @a0boBitegn et al ., D014 gopdé6Bravamn |l abi hit
strongest drivers of growth and survival w
There are some met hodol ogi cal consideratio
competition in Chapter 4. We assumed that
m from our seedlings, however very d abrege tr

further away than this and s{Nhltoaet ahad
Al though a 10 m radius was chosen as si mi/l

capture the majorityyForft mreaealghdtoualhoo,d2@i6 e

testing this methodology further in the fut
wi || hel p I mprove the confidence of the co
Il n Chapter 5, I found t hat the growth and
seedlings appeared unaffected by planting
seedlings can grow much | arger DdmaumumtGap® . 7

Under st or y( Yeaxnpaekrui rmae nettT hael .a,p pla¥86n)t | ack of ¢
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seedlings aligns with my hypothesis that s
with their surrounding matrix of trees to

variabl e withi-dndéres tDoarnyu mE xaeprsi ment i pa t he

bet ween the planted seedlings and the surr
al most certainly account for most | ocal b i
survival than competition excl usiuwrerl gntbleyt w
|l ack spati al i nf or wWantdiearst fooary tElke eDamemt Ga s

theeepieting tree matrix within and around e
the strength of competition wkpbrthmensatr e
t he same Fi elnevtalpo csoylsa geym wasedde i tho Clhe pd mp | aly
Danum -WGadesr st ory Experi ment, as it woul d

compare results with greater confidence.

| hypothesise that cdmpetristtioory &tx ptere m2airt u |

than in the Sabah Biodiversity Experi ment.
seedling relative growth rate &a@andioudniveursd
Experi ment seen in Chapter 4 is due to th
forest, reducing the extent of competition

al so predict that the rel amatomisxilpa dalt werea
negative in the primary forest, as the ind
Biodiversity Experi ment, including a more

would not be relevant widdmder dther wnEX e uir e
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Primary forests as targets for restorat

Il n Chapter 5, -slpeschiofw ct hsautr vsipveacli easnd gr owt h
experi meqrioewtim andl sel ectively | ogged fores

reserves abiotic and biotic eondibteorsd . ow
foll owing anthropogenic degrad-ahdooetdhaanaotg
gap foftmaquent e. efthelf gact20tOl6gt bot h forests
i ndi catfeortehsatt itshef uncti-gmowighsc®Bubstedbhatotl i
(200bB3erved that, for dipterocargrsgwtmordrad i

selectively |l oggdéidwl et ¢ s t&s Diafvo UBBredo ath h( a2t® Ohde) r |

did not produce differences in dipterocarp
As |l ong as the forest has notBeionnnwermr {etd dln.t
we might expect selectively |l oggegr dwtrlest s
foreBosrter .etl nalCh,ap2®X6)5, | showed that 1

predicted to grow more (if not statistica

Experi ment thanUadet deoDpnEmp&apment, provi
secondarlytfsoraeast gr owi ng faster. Mor e wi del
density of selectively | ogged f(oKrueusstisp ail so te
al . ,, 1@ )di rect experimental comparisons ¢
are | imited. I n Chapter 4, |1 identified a |
enri chment planted seedling growtéar pndr ses \

within the Sabah Biodiversity Experiment,
openness and, as a resul t, hi gher relativ

(Bebber et Aal .i,mp2®Wl2)d understanding of t he
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Biodiversity Experi megnderamntdortyh eE xpaemrumme @a p

seedling growth rates wil/ be valuabl e in
Il nterestingly, some species did show chang
Speeipesci fic responses to environment al ch

previousl|l yO6Bor einn ssthaoaweed, (t2h0a2t3 )t ol er ance t o

excessive rainfall was | imited to Qinel yetsom

al . f2uhe) evidewspeci dfr cspedpesd g atne ef o me s

denti fying which species retain their pr

ant hropogenifcoarlelsyt sd,i sathudr btehde mec hani sms t ha

key to optimising active restoration throu

n Chapter 5, I-s uir dve rvtaif ff i teadb-glae chget bow tRlla-n um Ga

Understory Experiment and the selectively

upports previous studies bdtPmidti ptshoen Sab al

T u cekt al .and2 ®¥6)podb, 1977; Wi hiigchnt sehto wa It.h,a

rowtulm vi vafl f tirsade ma j-loirs ted reynewmar iodt ilordf eand
pecies to demonstrate differ enPthiidli ptsoolne rea
0L2) | ¢ Bdbirmg et, aaln.d, (d®6oBudg)heen & Es cludiedreont i2fC
O negative correlations in survival or g
ositive correlation between relative gr o\

esRHitl,i psonshowald. tpha01l18pme species respon

in |light than others but identified no ran
that any community changes in terms of adul
by shifmt survival rates, rather than growt|
assessing survival bet ween forest types r e
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their first census, which accounted for ap
planting at the Sabah Biodiversity Experim
t wpear mortalityananeetdadti $i2d®R BipghiyJfodue t
d

-

ought event that occTwetke | shadRi0OKdY pagueer

supported by the fawthitcthatxpeei eapkdnnedsc

drought experienced a cons iSdenria®dmir yl,eonveeat
al. 6h2owed that mortality rates for seedl:
' iana removal in 2011 exhibited | ower sub:
underwent their first round of <cutthelyg i n

suggest that the difference IiINn Jfrmordtraluigthyt sw
occurred in quick succession afterntrhaoli4.
commuine v gl changes between forest tywmes ar
than growth and that a prrianaatye dnemdiratna Isimt

i s drought .

Given t haur wirwaMtfhsd rdder eprebenstormppat amet
di pteroc@Tuyectls2e@L6,;,e sWri ght téti salposi20¥&®) corr
growth rates across forest types provides
di pterocarp forests are not overly hostile
in species perfor manhcee iodre ne s dm ewadv egbtr lolwa tha ¢ i
This resul't also provides support for the
management , and although there are alternse
results producelutiwmr ¢Chtagprel@lr | 5f drsean i ncr e;
di pterocarp growt h agnrdo wstuhr vfiovraels trsa tteos cwietahti

driven target goals for tropical forest re
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Active restoration as a means of cl i mat

There is consi der akbblaes emdo nseontuutnm ofner t ma thuarvee
climate cha(hjeeddmmnt iegtaoddlowhixth2 f)orest rest ot
primary | ever to increase ecpopwWygsnhnem éwunalt. ¢
These goals are highly appHuttatil £ont oett hal

showed that mi xed stands show more stabl e

climatic extremspecie¢matsvand®. sOmgl emechan
stability-lievxedomdmuwmigthy t ol erance, oWwer e mo
and | ess stable carbon capture (rGastuersi deute at
2020; Pardos EkEh @&hapteem241) I suggest one

relationship between enrichment pl anted se
basal area: the matrix basal area creates ¢
in tempdraumidi ag. Thi s I|bemegift itlaldgcratal dbyc | @ xnta
shifts and becomes more variable, greater

forest could help mitigate againfHi sadaocei

al .,. 2018)

Despite the adwvyarmthagestof at pfemd upsseod] ercd sl, ar
efforts stild]l t ysppieccailelsy rfeosctuosr adam oni pglog ec
tropics, 45% of forest restor atsipacn ecso mmiatnn

despite stand diversificat(iLewilse eecdmiang ,a 2t

et al ., TeogiLg al forest restoration measur
potenti al climate future of thly@ot hepi €st
commu-ine v gl changes between forest types ar
t han growt h, and that this is most apparer
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extent and rate of community composition ¢
as the severity and variabi(Tarwyg,of2&@Xk% e me
we should consider how restoration managem
variable climate and how climatic uncertai

with forest restoratiofBahintetsahot 208

Experi mental considerations

As outlined in Chapter 2, the SabadcBiedi v
biodiversity project that could provide re
to forest management practice. ®dDluecowdi ttiso
surrounding this experiment, some el ement s
or safe to carry out as they would have bec:

if any, of some of the moisdans.mportant expe.l

Dimensions of the Sabah Biodiversity Experiment

The Sabah Biodiversity Exgar ipmhertts.walshedes ip

measured in the field using compass bearin
and reliable method of measuringedriatanckekf
sl ope was not accounted for in measuring di

pl ots could be shorter than planned.

As part of my field research at the Sabah
pl ot size within the southern bl ock. Using
obtained accurate relative posi taitoenitnhge etsrtu

size of each plot. For the southern bl ock,
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measu
accur
i dent
t hese
i dent
seedl

accur

Of th
197. 6
sugge
desce

remar

| mpor
mappi
centr
di scr
chall
sout h

50 x

rement with one unit and used the sec
acy of mypreste(shhaltnegse i & PiosPi etrapr dae2 s
i fied with multipl epaiinmdiecda tboerlsi.a nS owmeo c
posts had often rotted away over th
i fied using a combi nd&tiingr a@fndbltithe d moc
ing planting |ines (Fig. E1 in Append
ately identified and were decided bas
esearch assistanhsBwbdi havei wpr Eggdent

e. Of the plot positions wenogatwtl dfcoem

ical and horizont al pilo MOKd ISd ®re ved ompgne

.2023)
e plots measured, vertical borders ha
m). This is expected, as the terrain

sts a total elevati-bh. 8 hmnhgeiasécleh@is2 al
nts. Despite the terrain difficulties.

kably accurat e.

tantl vy, I have shown that estimated

ng of the Sabah Biodiversity experi me:
al and western portions of t hre sout
epancies to the weast of the southern
enging terrain. For instance, I coul d
east boundary of the experaipnpernotx idnuaet etlc

50 x 30 m).

195



I nterestingly, vertical borders were not S

(198.8 m, 9500 C3 m) 19Bh8& presence of the cl

road may have facilitated more ilaceurateat a
using compass bearings. Overall, this data
Chapter 3, as they |l argely overlap with ac

Planted Species
Richness

16 with additional 250 500 m
liana removal —

FigurSamwamM Biodiversity Experiment southerr

|l ocati ons. Col oured plots indicate the est
GNSS data collected at the experi ment per
l ocati on. Pl ot colour indicates the treatnm
three plot |l ocations (green pointscarnritehde s
outi th | ow confidence and havéobebébobuexdaluds
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Nonrandom seedling planting order at the Sabah Biodiversity Experiment

Al t hough the plot assignment for species r

was done randomly, the species identity f ol
was not done fully randomidye.t eRlndenteidagorapeac
100,000 planting | ocations would not have

semiandomly with researchers planting one s

Al t hough species numbers forewvamme sps,ott hneet

potential for | arger seedlings to be plant
would theoretically be more I|Iikely to be f
To testrhodom pbanting order of seedlings,
seedlings within the intensively surveyed
mapped it to their spatial | oacat ioard.erWe nd ow
seedlings wkeoe phiasaedplysibat brmassumed t hat
sequentially and in alternating directions

east). The foll owMadye )l i @Geedanrtfmitxeedd :mod el (

Modelil@&.ili al omgodreelanofdi(almet er wi th Gaussi ar

l i ne_ n b eod ot )

Whefkrene nwvmlbaercovari ate representingl)bothe | i
indicates a random intercept for each plot

Sabah Biodiversity Experiment .
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Overall, 1 identified a weak relationship |
seedlings planted in tihelgestetno Maltaohi ef
6.5) moOkil s expl ains atiitan e( adj udhteed oR ad qwarr
there is a true effect of initial pl anting
coll ected at t he Sabah Biodiversity Exper
pl anted seedlih smortphisamafdtnegr, oundi s al so di

effects are simply a consequence of ti me s

inferences since we |l ack the initial sizes
initial resal tiroagnudgogne s lsa ntthiantg densi ty | i ke
experiment al design to any | arge extent.
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presented teoyeagiwieevwa dfi reddsh pl ot ds plantin
facet . Tree mean basal di ameter indi cated i

the A0 shape in the middle of the forest

within that plot.

Seedling replacement

When replanting occurred at the Sabah Biod

been done randomly. To confirm this, | as s«
within the intensive plot datasett hendehaw
first cohort seedlings in the same planti ng
would expect a 0.0625 probability of rando
speci es. Of the 2,985 secondspelkoes asedlhie
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cohort. Thi st pirloeldcpd@aipinlaintdy soof tth.ii s r es

evidence that repl acememtndplmdmnt.i ng was <car

Future work

I n Chapter 3, I found no relationship bet
di versity or planned canopyspsetcriuecst uprlaolt sc.o nv
expect any effects of genus diversieg to
di versity, so additional data collection s/
Experi ment -sapte ctileess ep | fod wsr tef fiedcetnst.i fA tamiyr df
census of the Sabah Biodiver si ssgsu Eixrmp eCh anetne

3 that biodiversity effects are potentiall

which are not captured in standard measur e
optical satel |l ites -dpirnoevni sdiiiornga | eoffdf i eatet i dvire@ mya | :
|l andscape. Effects of genus diversity and
additional measurements directl|l yweand ardsiom

grobmded Li DAR estimatesshacvesbéaehl yseoli e
compl ex(i Atykidrad aeatn dalar,e 2b0elcBO)mi ng mor e € 0 mmc
forestryApmeposgésal ., 2012, S2imi8arZogll kodta
data on the effectiveness of I|iana removal
address the remaining research questions
di scussi on. Canopy di ffer @grpagsenmay ramt db
measurements and would benefit from direct
Experamsent of fers a strong opportunity for
techniques foll éowisreg a sd esaimMea®d Dife¢@d aet 2

(20.19)

200



I n Chapter 4, I identified a positive rel
survival and the surrounding matri x basal
relationship could arise from compclenteynt ar
reducing extreme variat i(ocAdsamisn elt ocaflar, € $2i0mM

restoration research would benefditf ff @ roenn an® 9

spatially and temporally. We would expect |
in |l ogging conditions, such as terrain, s |
ti mber sKooimpas@ei.sg sypaagleda for its role as

(Axel sson)etoalintr?2@2t)e heter ¢d@Reyaiol ysi mtt o
2011)Understanding how much variation ther
i mportant in quantif yiimdudehd Hhetgeareceg eorfe idteyy,
once, t wi ce, ainadg gneod ef drheasnt t sw sctee ms . Resea
effects of heterogeneity as a result of

l ongi tudi nal studies quantifying how micr
provide more information concerning the <ce&
forests. mBdronidregt esit@aywe d (t2h0alt8 )t her mal range
heterogeneity in heavilygtoggbdf boesesssanad:
the increased ther mal range reduces | ogged
patterns. Md rsd sr eosnecahrocmina feer e at er acti ons ¢ h.

habitat f{agmeangeibou? 0O Xdh)edegf hdat somf ar e |

under stood. |l mproving the evidaeance Basétwi
translate into | ocal mi croclimate changes
Il n Chapter 5, I I dentgirfoivetdh af okrneosvi| esdegeed | g anpx

act as points of comparison for both natur
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Additional ressgprech fte feistd mape oiness o-f di pt

growth communities, particularly under var
comparative baselines to judge tagairnesstt.or
Similarly, in Chapter 5, |1 cannot conclude
our exper igmemtsh iamdolsckl ecti vely | ogged for

on the structure of t hger cwtrédrtofumTdeen gDamautm i G
Understory Experiment will soon reach 20 vy
the context in which these seedlings have

the data collected beyond the experi ment.

More widely, thereteéesmar @aeteadr dtoiromMmoeep droinic
studies investigating active forest recove
t han 10Bareiamr set kBl hauwéh@a@8ByYwWdyears i s poter
mi ni mum amount of ti me for the effects of
bi odiversity experiments. Fundi ngl ifrirt erde,s t
and temm experi ments studlyngl oweerogpowthc:
l ine with the growing demand for tree pl art
(UNFCCC, 2bX=®) research on the | ocal fact ol

restoration will prove to -befbothvecohoghe:

Concl usi ons

I n this thesi s, I have used various method
success of active restoration in a Sout hea
the restorladg gend olfowlnacned di pt ereodc aby dotriews

restoration methods already employed i n Se

202



apparent in as I|little as five years. I hav
and effects of functional and phyl ogenetic
positive relationship betweeins bamdli aleoveqgly
bi omassl vyairegludes.t hat these effects arise thr
propose that future assessments of tropica
capabl e of providdimegq se omamecleudant digolyr.e eAl t h o u ¢
find an effect of more subtle treatment ef/
compl exi tyspwcdihdsn ploatrs, I attribute this

bet ween those pllolt fsarbséehese, cantdi fueadan mo n i

experiments to allow these effects to be i
I demonstrate that, on the || ocal scal e, v
seedlings was positively associated with t
may be driven by increased heterohmmnt ahl

stochasticity alternatively explains this
rates of seedlings are positively related
experi mendr awmt hanf corledst t o swvalw 1t atags garoevt di
most species, and | suggest that additional
Sabah to further the understanding of wh a
sustainable forest managgamertti oinal r ead @ iewnitn g
protection of these | andscapes still needs
in understanding how these ecosystems fun
communities, biodi vertsiigtayt,i cann,d fcu ti unraet ea ccthiaw

must be informed by the continued advances
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AppendSxpAl:ementary information

Key towns and cities within Sabah to tr

When carrying out research at the Sabah Bi
and reseeamdils and passes are required. This

and an overview of the main authorities wi:

Kota Kinabalu

Kota Kinabalu is the state capital of Sabatl
city within Sabah and the seat o f gover na
gover nment buil dings are present gwiatthiom t
Depart ment , I ncome Tax Department, and ma
forestry awsgpekiddicvergianysati ons based wit|
Biodiversity Centre and Yayasan Sababhi phe

( SEARRP) has an office within the city, an

site is at the northern end of the city.

Depending on the type and | ocation of rese
identity of the foreign researcher(s), sev
Fig. Al). I n the case of forfeogastreseaeaheh

Sabah, SEARRP pr-bwitckes idesttaiulcead osntsepf or nav

prockssps(:/ / www. searrp-ponog/eschwtnt ast so/fapd0 2

Kinabalu | mmigration Office encourages all
and accepted before foreign researchers ar

to coll ate al/l requir&dt aoKmeabadusUubbmi gr &
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https://www.searrp.org/scientists/application-process

| east t wo weeks in advance of the research

researchers conducting research with only

receiving a Professional Visite).Pass (as |
Lahad Datu

Lahad Datu is one of the easiest ways to ac
Ar ea, specifical-Segamae Mal eat ames exlwwes an
Conservation Area. Lahad Datu airpord i s a
connects to the main | ogging roads that gi

town used to host the primary timber mil|l

of high timber supply volumes from Sabahos

Sandakan and Sepilok

Sandakan is a city on the Sabahdéds northern
Depart ment headquarters. This city can be
airports. Approxi mately one hour west of
primarily a tourist town due to the presen
Sun Bear Conservation Centre, and Sepil ok
centres carry out additional conservation
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A Sabah Immigration
Department
o
Universiti Malaysia
Sabah\
o Danum Valley
Management
Commitee S
Sabah 0 250 500 m
SEARRP Office Biodiversity Centre [
o
Department of Surveying
and Mapping Malaysia
Kota Kinabalu
o Court Complex
o
c>“\Incc:meTax
Department
0 2.5 5 km 0 250 500 m
|
FigurMapAlof key | ocatiofme appundf &npta Riraheé
Pass in Kota Kinabalu, various forms are r
Depart ment For ms require payment and/ or

organi sations,

whi

ch &ow
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Tabl ePlAdle v el composi tiBandbt ertshiet SHathxapes i m
composition values beginning with 06406 refe

in Appendi x B.

Pl ot Bl ock Speci Species com
ri chn

1 Sout h 4 4. 13

2 Sout h 1 Shorea becc

3 South 16 16

4 Sout h1 Hopea sanga

5 Sout h 16 16 with cli

6 Sout h 4 4. 6

7 South1 Shorea | epr

8 South 16 16

9 Sout h 4 4. 3

10 Sout h 1 Dryobal anop

11 Sout h 16 16 with cli

12 South 4 4. 10

13 Sout h 1 Shorea gibb

14 Sout h 16 16 with cli

15 South 16 16

16 South 4 4. 11

17 South 16 16

18 Sout h1l Parashorea

19 South 4 4.5

20 Sout hO Unpl anted

21 South 16 16

22 South 16 16 with cli

23 Sout h 1 Shorea paryv

24 Sout h O Unpl anted

25 Sout h 4 4. 2

26 Sout hO Unpl anted

27 Sout h 1 Shorea macr

28 Sout h 4 4.7

29 Sout h 16 16 with cli

30 Sout h 16 16

31 South 16 16

32 South 16 16 with cli

33 Sout h 16 16

34 Southl Shomegenti f

35 South 4 4. 12

36 South O Unpl anted

37 Southl Shorea oval

38 South 16 16
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Tabl &uMd2 i cations produced at E&deh Spbhhi 8ab

produced at the Sabah Biodi vepuwhltiyc agxipoenr iin

number .
Publ i c Citation
i ndex n

1 P. Saner et a., Reduced soil
di pterockop. fBc el 5 8 MahRIgZx .
(2009) .

2 Y. Hautier et al ., Effects of
seed mortality in borHheen:
(2010) .

3 P. Saner et al ., Positive eff
growth of seedlings of a t
floor | ight ¢ @3BdBi #Mi20n .2 ORI

4 A. Hector et al., The Sakeaeh m
test of the role of tree d
structure and functioning.
36,6 31335 (2011) .

5 C. D Phil i pbsasre de tRegle.n,e rlait g ol
from 21 DipterocampecSpeci d
Biotrddpite2876 (2012).

6 L A. Turnbull et al ., P-l ant
eval uati o9n3. 1Ec808/9 g(y2.012) .

7 P. Saner et al., Carbon stocl
di pterocarp rainforests in
Onég,. e29642 (2012).

8 C. E. T. Paine et al ., How t «
calcul ate growth rates: An
Ecol .3, ERm356 (2012) .

9 M. J. O6Brien et al., The 1| nf
Germination and ETaorlleyr aGrto w
Seedlings in BoWMhd®.01lBD)oS

10 M. J. O6Brien et al ., Drought
enhancedtbychamnal carbohyc
Chadg.v71104 (2014) .

11 C. D. Phil i plsaose ottt radblet wAe e mr ¢
mortality: Evidence from- 1
specific relatived gr3dwdtBIB r
(2014) .

12 M. J. O6Brien et al , Contra:
dynamics of tropical tree
variabilit%05 NedvB 9Rh y(t2d011.5)

13 P. Saner et al , Gr owt bs trrautcd ¢
carbohydrates of dipteroca
acclimation. O aif9014 ECB2D16][

14 C. C. Ang et al ., Genetic di\
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2 4

25

Di pterocarpaceae foll owing
Borneo: high genetic diver
di versity. P9 am4569Ec@©201®) v
Q. Brearl ey et al ., Testir
ectomycorrhizal net wor k fo
survival in tropical f oBes
561876 (2016) .
L. Tuck et al., The value
pical forests: l nsur anc

tro

the sabah biodiversity exp
283 20161451 (2016) .

J OO0 Br iaennn ueatl apll.a,s tlinctirtay

drought resilience over mu
communities. @&l 30 bdiz 2Ahda n(g2.0
Granados et al ., Defaunat.i
synergistically to alte27 s
20922101 (2017) .

J. OO6Brien et al., Resist:
medi ated by neighbour hdgod
16813648 (2017) .

J. O6Brien et al., Positi:?
reduced duwirndgce&d N Joughg .
891201 (2019) .

Wu et al ., Monitoring tro}
with satellite remote sens
Experi ment . 6Advllld®Bc ¢1202R¢ s
J. O6Brien et al., The rol
tropical tree seedlings wi
Ecdl3. B389%97 (2020) .

J. OO6Brien et al., Topogr:
and survival differences w
availability and bi @tpi ©63968
(2022) .

J. OO6Brien et al , Demogr
conspecific densityrdepeéemd
trees. Proc. R8QG»207 B9 B( 2
Veryard et al ., Positive ¢
restorat itsoccmalien eax pfeiredndeena d f
(2023)
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Tabl &deATri ptions of

Speci es names

the 26 dipterocarp

speci es

pU mdchd resdt oi rny

t Ehxep eS

anda nadudb&ai upeates, ofl Amiheée on¢c o188 ;,g SayanfpAnsgat iyoonn, ,

1199483

average (nAisshtleem,gath8 8RPYCN status (with yedr nofhasSaebameBitodnveasken
or DanuUm darpsst ory Experi ment (DGU) cemltumms sianMb deaadftpessFdu teftteraden2ad d$6p) e ¢ |
Species Ti mber Ecol ogy Nut UCN Red LSBEDGU
(mm)
Di pterocar pu - Rare, hill di prtiecrho csac- Endanger ecX X
Sl oot en bel ow 800 m.
Dryobal anops - Locally abundant on 14 Endangerec X
Dyer coastalirmliddd raindiges
Dryobal anops - Wi despread on fertil 20 Least ConcX X
Bur ck undul atingland, to 7
Duri o grBaewxea - - - nerabl e X
Hopktar r r uPgairnig - Deep fertile soils i 07 CriticallyX
bel ow 750 m. (1998)
Hopea Kamgll - Often on or near rivaO07 ner abl eX X
t600 m.
Parashorea M- Local -mincklagygil, rar 17 Least ConcX X
(Bl anco) Mer ridges i n mountains
Parashorea t - Mi xed dipterocarp fo20 LeaCsothcer n X X
(Symington) |l and below < 200 m.
Shorea acumi Yell ow Mixed dipterocarp foo02 nerabl e X
Symington hills below 500 m.
Shorea argen Red Mer Locally frequent on 14 Least ConcX X
Symi ngton val |l 699, m<
Shorea bBrea@a Red Mer Common, | owl ands, an40 Least ConcX X
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Sh
Sh
Vr
Sh
Sh
Sh

Sh

Sh
Sh
F.

Sh
Sh

Sh

or

€ a

fra.gHieei Yel | ow

Bal

Me r

Me r

Me r

Me r

Me r

Me r

Me r

Mer

Mer

mer

mer

or ea Bgriabnbdoi Yel | ow
or e a( Bgluainscoc Re d
ume

or ea jFoohxow. Re d
otear Ms gl a Red
orea mgaoreo Red
il ese) P.S.
orea mBgeo Red
orea meRi d Red
oreaMei pes Red
or eaKmrvtah i Red
orea @DPyrevi Red
orea parvi Red
Hei m

or ea $dmefnf Re d
orea smith Red
mi ngt on

or ea Ssyumpienr¢c Re d

Bal

Low hills and partitT@ 15
moccasionally to 1,0
Locally commo-hoam $e 18
undul ating | and and
Scattered in | owlandOOS8
common in slightly s
Very commamrm ad mewlelfler 20
600 m.

Wi despr-gadwi hgsemerg 20
70m@.

Locally abundant on 60
alluviauoumr on hillsid
Common, sandy <c¢clay s 18
m.

Undul ating | and and 42
soils in mixed d4@0oe
Wi despread on clay s 27
forest, undul ating |
Scattered i mMilpadwlraorcd 2 2
usually in moist -pka
ground, to 500 m.
Perhaps the commones 140
sobhshills < 800 m.
Claych soils on allu2b5
hillsides and | ow ri
Claych soils especia23
m.

Frequent on deep san?27
l and and to 400 m.
Fertile clay soils a1l2
di pterocarp forest wu
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Endanger ecX

Lea

Lea

Lea

Vul

Vul

n

n

icall yX
8)

erabl e
icall yX
8)

Thr ec
7)

t ConcX
t ConcX
erabl e
t Conc
t ConcX
t ConcX
t Conc
t Conc
erabl e
erabl e

X X X X X X X X X X
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Tabl énAfially used and most recent nomencl
Sabah Biodiversity Expd&nidmest oapdWBeper Raan

species taxonomy has been updated, the yea

I ni ti aslpleyciuCurrent species nYear of
names i n pu publicat
DipterocarpDi
conf & miog e

DryobalanopDr

pterocar SUs odcen

yobal anopyserbecc

Dyer

Dryobal anopg -
| anc eBoul ractka Dryobal anopBsurlcaknc
Duri o grmBa&weDuri o grBaweaol ens -
Hopea f ePfrarruHopea f ePrarrdgisnea =

e
Hopea KamglHopea f ePrarrugisnea -
Parzshorea Parashorea (NBd lamman
;
a

Ma | ar(cBriaam‘Merr
Mer r .
Parashorea Parashor eal Styomenngti -
(Symington) Meijer
Shorea acunRichetia a¢Gmimnag2022
Symington P.S. Ashton & J. He
Shor ea argeRubrosEorea(Sayrngienng2022
Symington P.S. Ashton & J. He
Shorea beccRubroshored Bueackg2022
Bruck P.S. Ashton & J. He
Shorea faguRichetia(fFfagleem)a2022
F. Hei m. P.S. Ashton & J. He

: Richeti @aBgahbdbosa 2022
Shorea Bgrlabnb& 3 Heck
Shor ea( Bgluains . -
Bl ume Shor eal Bjluainscoo) Bl

. Rubroshore@F¢oxWwoy 2022
Shorea jFoop g Ashton & J.He

. Rubroshor egaMilgeepro2022
Shorea Meprp s Ashton & J.He
Shor ea mdoanubroshorea(dnachoZOZZ
Viiese) I:,_SP.S.Ashton & J. He

" Rubroshor ed Dgear)o2022
Shorea mBgep g Ashtwec k.
Shorea meci Rubroshorea (mRedils2022
Ri dI P.S. Ashton & J. He

: Rubrosho¢Maeifjalt)az022
ShoreaMeipe& 7 Heck.
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ShoreaKa)rvtaHRUbrOShO(‘Kar‘D‘haD'2022
& J. Heck.
Rubroshor e(@Dyearr)vi 2022
Shorea DyrevVp g Ashton & J.He
Rubroshorea (gfarHweii 2022
Shorea paryv
E Heim P.S. Ashton & J. He
. Rubroshoré8cphpehtan2022
Shorea Sdmeap. S. Ashton & J. He
.y Rubroshore(@Symincg2022
h
chorea smitp s Ashton & J.He

Symington

Shorea supe

Symington Shor ea Syunpienrgbtao n
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AppendSxp®Bl:ementary information for Chapter 3

D E 20 parallel planting lines,
with 10 m spacing

1

0

Seedlings planted

on each line, with
3 m spacing

= “ | BRUNEI
2,000 km ‘ 0 100 200 300 km
EE—

Seaipar 0 0 00 000 00

FiugRBlLocat idbensiagnnd of t he Sabah(ABihediSvaerashi tByi oEIX preerrismeanyt .Exper i ment
Borneo, withiiB GQouthlte EagpterAsmieana adelsda dtei viesl l olcomaggeedd ianr ea of t he M
Danum Vall ey ConservationDAr Elae Sabah, BMatliaysi aint BeExXx @@rei ipd rott sg o It
into two blocks by a |l ogging road, with a ncanbiimeaittd dpndsiepetdd ri oacgasrng |
1, 4, or 16 species) and restoration nmett htode | toigmee so f( |ti haen aR a peimbE yad
ia012, o@lpyttshen the southern block had been subjected toothkhe | i e
are therefogmpediresatpldotas wvii6t hout(E)l ilam ae acehmopvladt ,i nd it phti esr cacmaarl py ssi ese d |

paral |l el lines 10 m apart.
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function of (from left to right) genus diversity of plots enrichment plantedfaithspecies

(2 genera vs 4 genera); canopy complexity with four species (low vs high); and liana

(6cli mberd) cutti

ng
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Figure B5 Summary of comparisons made by the mieéigcts model analysisifter
performing an initial overall test for differences among treatment levels we performed a
series ofa priori contrasts for the compaons of interest contained within the overall
design: 1enrichment fant vs. unplanted control plots; 2) Number (richness) of species of
enrichment planted tree (both as a factor with three levels and as a regression on the log
number of species; 3) Effects of climber cutting-§p&cies plotsmy); 4) A two-factor
factorial comparison (within the-gpecies plots only) of the effects @dnopy structural
complexity (higher and lower) and genus diversity (4 species drawn from 2 versus 4

genera)
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