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Abstract

Expansion ofcommercial agricultte in equatoral regions has signifant implications for regiond
nitrogen (N) budges. Here weinvedigate changesin N avalability and turnover in Sautheast Asia
following the relacement oftropical forest with dl palm plantations along a chronoseree of ol
palm maturity (3-month#o 15-yea-old siands) and seconds to primaryforestsuccession isebah,
Malaysian Borneo. Tenites were sampled during March and Aip 2012 and rates ofrags
ammonium (\IH4+) and nitate (NO3_) production (mineralgaion and nitrfi cation) and consumption
(n = 8), pdential denitrfication and“anaeobic anmonium oxidaion” (“anamnox”) (n = 12) wee

determined using®N isotopeadditions to sdl cores and sluies respetively. Gross mineglisation
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rates (0.05— 3.08 g N nif d) remained uncharegl in oil pam relative to forests. However
significant reduction in gross niircation (0.04— 2.31 g N nif d') and an increasin NH,"
immobilisation digupt the pathway to nitrogen gas(N,) produdion subsrtially reducing (by > 90%
rates of dentrification and “anamnox” in recenly planted d palm reldéive to primary forest
Potental nitrous oxde (N,O) emissions were gresa than paential N, production andremained
unchangd across thechronosequencendicaing a potentidy increased ratio of N,O:N, emission
whensdls were first disturbed. Theseesults are an important grcusor to studiesthat could yidéd

improved estimaes of regional N turnogr and Iss in Souheast Asia which will have glob&

implicatiors for N biogeachemical cydhg.
1. Intr ion

Inputs ofreactive Nto the terrestrial biosphee have more than doubled enthe pastcentury and
globally, N-fixing crops, chemical ferisers and fos# fuel combustionhave overtakn biological N
fixation and lightning as the principal réa® N inputs (Gruber & Ghiway, 2008). Tls has
implications tlat include enhared greenhouse gg emissions (Parket al., 2012), surface-wate
europhicdion (Bouwmanegt al., 2002), soil acidifation and charesin biodiversty (Bobknk, et al.,,
2010; Lu, et al., 2010; Pheonix, et al., 200dpst globalaralysesof the N cycle and associdte
environmertal problems daw heawly upon iferences from studies in temperatgions whee the
majoiity of resarch has been untiaken to-date (Pheonixet al., 2006; Bobbink,et al., 2010)
However, thecombination of populatiorincrease and extersive land-use changen tropical regions
since 1950s changing the N cycle signifintly. Paricularly signfficant inthis respect are ineeses
in deforestation, fertilisr use,andcombustionof fossil fuels with attendant ineasesin the input ad
mobility of reactive Nthat are #&ecting regional N depositiorin the topics (Hietz, et al., 2011;
Sullivan, et al., 2014). Of major concern anereased N,O and NO emissions, produced lakgel
through nicrobial nitrification and denitritation. However,edimates of sal N turnower and los
through entrification and N productionremain poely constained (Grdfman, 2012), pdicularly in

tropical regions of Saheast Asia. Understanding the chaegin sdl N processes associatedth the
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converson of tropical forestto agrculture is therefore criical in seeking to improve models of

tropical N cycling in aregion of global importaneto N biogeocheimal cycling.

Recent rates ofiforestationin Soutlesst Asiahave been higher tham any other ropical region
(Achard, et al., 2002; Midtien, et al., 2011). Thexparsion of oil pam (Elads guineenis)
plantations ogr ~17 nillion haof the lowland tropcs is an important drier of this deforestatin
resultingin detimental changesin above-ground biodivettsi (Fitzherbet, et al., 2008), andrgater
air polution from increased N and carbon emigsifHewitt, et al., 2009; Cdson,etal., 2013). Rats
of microbial N cycling are &lo likely to be dtered by the physical andh@nical changsto sal that

accanpany oil pdm devebpmert.

Initially, N is lost through forest clearance,rhing and land peparation and N mobilityncreases
post-disturbace assdls with little vegetationcover experiencdeaching and erosion (Malmer,996;
Yastiro, et al, 2008; Nykvist &Sim, 2009). In situations whereehare ake to recover naurally,
forestsappearable to redice N-deficits through inceasedN-retertion and redced nitrification and
denitrification (Robertson & Tiedje, 1988; Kell& Reiners, 1994; Dasison, et al., 2007; Templer, et
al., 2005. However,asforestsuccession poceeds, N status and cycling rates éase andwith them
the mtential for N loss through Nag production (Davidson, et al., 2007) fifrests & converted d
agricultural us, N imbalarcesresuting from inter dia, harveding of crops or addibns of inorganic
fertili sa's, complicae atemptsto predct N loss andetertion pathways (Silveret al., 2005; Vechot,

etal., 20®; Corre, et al., 2006; Bton, et al., 2007).

Only one studyto our knowledge hasompaled rates of goss N cyclingin ail palm plantabns with
adjaent foreds. In Sumatra, Allen et al. (2015) found #t convertingforeds to oil pdm plantatiors
deceased gross mineradation ratesin clay Acrisols but notin loam Acrisols. Lower net N
transformation rates havesal been obserd in plartations relativeto forest sals (Ishizuka, et al.,
2005; Templeret al., 2005). Mt rates are the consequenmebah produdion and consumptio
processes and, as @esult, may be a poor easue of gross Nransbrmation. Therefore, gross rateg ar

a beter indicator of total N turnover, pacularly in sals where N consumption is higMoreover,
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higher NO emissios, and potenal dentrification, have been obsezd from oil palmsails reldive to
native foests (Hewitt, et al., 2009; Kimura, et al2012; Meling, et al., 2007;Yashiro, et al., 2007)
However,this increasen N-gasemission is inconsientwith the decline in N cycling whicls often
obsered following forest conversbn to agrculture in tropical soils (fbver, et al., 2005; Verchot, et
al., 2006;Templer, et al., 2005Neill, et al., 1999). Our study addees ths inconsistencyn oil palm
plantations for theiffst time, by investigating howland-use change impacssil N cycling in Sabah,
Malaysian Borneo. Theaim of the papeis to test whether conversion frorforestto oil palm aters
the rde and balance of N cycling presses. Ultimately, however, chaegin microbial processing
affect N avaihblity and emission®f N,O, thus our rests provide insight into the N status @n

sustaimhility of al palm agricuiure.

In this paper wenvegigate rates of gross minersdion, goss nitrificaion and the peential for N
loss through Bland NO prodution using a space-faime substution acdoss a chronosequesof
forest degradéion and plantation maturity. Spécally, we examine trends N cycling acioss this
chroncseqienceto test the hypothds that land-use change from foret plartation agreulture
deceasesrates ofsdl N turnover. In undeseking this study werticipatedthat asplantations mature
N cycling will follow atrgjectay of recovery through plantation maturitgmpamabe to that observed
in studes of secondey forest secesson (Davidson,et al., 2007; Amazonaset al., 2011)with

increasing N accumulation, turnevandloss with time sinedisturkance.

2. Matei meth

2.1 Site description and sampling methods

This study wasconducted in the Kinabataaglowlands of Sabaht&e in Malaysian Borneo (Fig. 1).
The climateis humid tropical with a meanannual (2008 - 2013pmperature of 27.4°C anginfall
typicdly of 2500—- 3500mm. Thewettest months of the year (Bemberto Felruary) ae commonly
referredto as the“wet sesson” but monthlyrainfall rardy falls below 100 mm. fie Kinabatangan
administrative distrit covers 17,800 kimandlowland areas (6,630 Kinhaveexperienced agid land-

use clarge during thdast 50 yeas. The predoimant vegetatiorwas formerly dipteocarp forest,
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although primary forgt cover dedined by 60-90% during thémber boom beveen1975 and 292
(Vincent & Rozali, 2005). During thesame period,seconday forest and oil plan plantatios
increased commensurately, and oil /@ plantations now occupy 2,994 k(r 45%) of he lowland

region where oustudy sites are tmted (Latip, et al., 2015).

Soil samples were celited at the endof the wet seasorin March and Apil 2012 where monthly
rainfall was ~280 mm, compaed to an annual total of 3,134 mnien sies, ech of 3-5 ha, wes
sampled within a 1,300 kfrarea repesaiting a chronosequea of forest to oil palm platation
transition. In eachplot, 12 subplots of 3 fwere sdected, within which five coreswere randomly
extracted for determination of edaphic profrt Minimum distance between subslevas 30 m.
Coreswere extracied using a &m diameer pipe to 10 cm depth and were horadged afteremoval

of roots.

Plartationsin our study area were astished on landthat had leendegraded by fost clearance ah
biomassburning. Our chronosequence reflectis thy showing the #&rsition from primay, throudn
disturted forest and b palm developmrt. We sanpled one pmary faest (PF) and one eady-
successionaforest (ES) dear cut 16 gas prior tosampling (Fig. 1). Two secondary rests a
intermedate successional tages(MS1 and MS2) were st sanpled (ge Supplerertary Information
for detadl ed ste desciptions). The oil palm plantiins comprised stands aged 3 months (3M) and 3
5, 6, 8, and 15 years (3Y - 1hYTypicdly, al palm hasanecmorric life of 25-30 yas afer which
palms are felled and replanted. GBM and 8Y sites were second generaticamaltions, whilst tk
remainderwere first generation. For the 3Mlgntation, this trarsition was signfficant as 15 months
prior to sampling, the old palms were uprootedjpgied and tured backinto thesal with subsartial
physical distirbance. Management and plantinggtices varied bewveen smallholdings (3Y and 15Y
andcommercial plantations (3M, 5Y, 6Y and 8Y): 3Y asa recenly converted smallholding wherea
the palmsin 5Y had been planted on mecletly-raised mounddo countersealling mortalities
assa@iated with the high water table. Fertiliser application vadd betveen smalholdings and
commercal plantations: the forner received spoadc applcations of inorganic N (principaly urea,

(NH,)2.SO, or NH;NOs) while thelatter received bi-annual teatment. Typical fertiliser additions to
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mature oil palmsin this region rarge from 280— 570 kg N-basedertiliser ha' yea™, with
smallholdngs falling at the lower end of this mnge andcommercial edates in the higher range
Fertiliser additions ao vary with plantation maturity. For example, theewly planted palmsn 3M
received 70 kg of (NH,),SO, ha' yea™ whilst adjacent, mature palms within teeme planation
received 570 kg of (NH),SO, ha' yea™ during 2012-2013We minimised dif erenesin fertilisation
regime by samplingat the end of thevet ssa®n whenfertiliser-N had not been appli¢d any of the

sdls at keast three, and up to six, months priosampling.

In adopting a chronosequarapproachto invegigate changsto soil N cycling, weassunedthat il
propertieswere simlar gior to conversion. In validating this assumption, we adoptdral lines of
invedigation prior to oustudy. Firstly, we identified suibde study siésthat were of similar levation
and sl@e andon comparable sbassaiations fromregional sd maps. Whit all sites wereat low
elevation(< 100 m a.s.l.) and slope,ethdifferedin their topograpital locaion. Seven of our sites
(ES, MS1, MS2, B, 3Y, 5Y and 15Y)were located on a riparian formatioresignated as Tuaran,
assaiated with reent dluvium. However, itwas not posble to find an undisturbed riparian farg
within our study area due to historic shiftingiaglture in the Kinabaangan lowlands. Therore, our
primary forest (PF}ite and theemaining two pantations, 6Y and 8Y, were on the terra firma Rumidi
Association forrad from ungratfied inter-bedded mudstone anskndstone of volcanic ah
sedinentary origin (Acres & Folland, 1975). Secondly, virvedigated soil propertieat depths thia
wereindependent of landse within each bcation. Ths confrmedthat sois in all study sieswere of
similar texture (i.e. silt-chy loams), lacked elaly ddfined horizons, and wewisualy homogenous to
depths > 80cm (i.e. being poorly drained, all soils were of a itimsdl colour and hd gleyic
propertes). Sois in the region ee mosty classifiedas Ferric, Qthic and Geyic Acrisds ard
Luvisols. Accordingly, we examined historical data ffmrested sds in this region, which confmed
that cabon, ritrogen, pH andsdl texture of our reference soils (Talle 1) were statigtally
indistinguishalde from those reported for similar soils underefited land userjor to land use chaeg
(Acres & Fdland, 1973. Bulk densiy and moistte were determined by @asuing the wet and dry

weights of a known sbvolume. Watefilled pore space as determined fom volumetic water
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contat and sd porosity assuming a partite density of 2.56 g cih Soil orgaric matter (SOM)
content wasdetermined byoss on igriion, and pH vas measuwedin a surry using asdl:water ratio
of 1:2. Sd texture was measured by laser difftion afer remo\al of orgarics (Speraza, et al., 2004;
Mikutta, et al., 2005). Tatl N content of sdls was determined by drgombustionon an elenena
analyser (Vao PYRO cube, Eleeriar, Hanau, Germry) in Paris at BioMCo’s (Continenta
Ecosystems Bgeocherstry and Ecolgy) stabe isotope facility in the Univesity Piere and Marie

Curie.
2.2 Gross mineralisation and gross nitrification

Gross N tansformation ateswere neasued by isatope pool dution following *°N addition to intact
cores (Davidson et al199]). At each sik, eight of the welve subplds were randonty seleced for
determination of gross N transformation rates and &afditional cores exaced per pld: Two for
addtion of (NH,),SO, sdution (98% **N): and two for addion of K**NO; (98% **N). Eachcore
receivedsix 1 ml injectons of a stution containing 30ug N mi*, therebyerriching the soil by ~ 2ig
N g* (See Supplementary Infornia). After injection andincubation, coes were homogrise,
roots removed by hand, and a subsammatracted vith 2M KCI in a 51 sdution to sdl ratio 15
minutes To) and24 hours ;) ater *°N addition. Reovery rates are reported in the Supplemary
Information. Additional coes, exraced adjacent to, and at tleame time,asthe T, cores, were usg

to correct for incomplete recovery of®N immedatdy after addition (Davidson, et al., 1991)

Extraction vas done using pre-leached WhamNo.1 filters, and filtrates were imediately frozen
until transportation back to the UK faralyss. Analysis of NH; and NC%‘ was conducted by
colourimetiic aralysis using the sialylate method and theacimium reduction method respaely

(Mulvaney, 1996).

Samples were mpared for'®N analysis by mmonia difusion and caected using diffusion blarsk
(Brooks, et al., 1989; Stark & Har1996). One site, MS2, agexcluded from the eallts for goss
nitrifi caion and N@Q consumptionas N diffused onto the filter des was below theconcentration

necessy to measue **N aom% reliably by isotope ratio mssspectromet (IRMS). Followingthis,
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sampleswith low N concetrationswere amended wh a**N carier solution before difusionto yield
a suffident signal to perih IRMS analysis (Davidson, et al., 19913abpe ratios were dermined by
IRMS on a continuous-flow IsoprigfiM IRMS connectd to an Elenentar PYRO cube®@in the
Universty of Birmingham stale isatope facility. Gross mineraisation and goss nitriication aswell
asNH," and NQ  consumption rates werelcalated accordingp Kirkham and Bartholoew (1954.
NH," immobilizationwas edimated by subtacting gross nitritation from gross NH consumption.
Raes of NH,” immobilisaion calalated in this way havbeen shown to ba reasonble

approximation of reasued microbial immobilisation (Burgr & Jadkson, 2003).

2.3 Potential N, and N,O production

Potental rates of Nproduction were neasued in anoxic soil slurries using’N tracer tehniques
without extraneous carbon lf@ndrup & Dalsgaard, 200Zfrimmer, et al., 2003). Duptiae \vials
were prepagd for each sampldo allow destuctive sampling at 0, 0.5, 1, 1.5 and 2 hours.

Approximatdy 1g of field-moistsdl wasplacedin a 3 ml gagight vial Exetainer, Labco) ifled to

the topwith deioni®d water and incubated at28°C for 24-36 houws. This pre-incubation \as to

ensure dpetion of any ambientNO;” and “*NO,” befae N addition (Thamdrup & Dalsaad,
2002; Trimmer et al., 2003. An injection of 125ul of 9.8 mM K®NO; (98% "°N) through the rubber

sepa of the vials enriched thelsrries by 25QuM *°NO, which wasmarginaly higher than the gan

- 15 -
ambient slay *NO; conertration prior to pre-incubation of 242V  NOs; across h sites. Vials

were shakn and inciated for 0.5-2 hoursefore microbal activity was stopged by injection of 100

ul 50% wv ZnCl,.

Production of**N-N, gas was measued by continuous flow IRIS (Thermo-Finnegan, Dil Matt
Plus) following credon of a 1 ml helium headspace above the slatrQueen Mary University,
London (Trimner & Nicholls, 2009; Lansdowret al., 2012). The incesein N and®*N abundane
was determined byrefererce to control vids that reeived no®N in which nicrobial adivity was
stoppedat the beginning of thexperiment. Pre-incubation of theials will have remoed the ambient

nitrate, therefore afie added NO; was98%™°N, the preétted proportion of>*N, from denitrification
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should be < 2%i.e. p®N = 0.02 + (2*0.98). However, manganples showedN, in concentratios

subsantially above the mdcted amountindicating that a pocessother than denitrfication was

+ 15 - 29
contributingto ?°N production. TFs could have bendueto anammox (i.e**NH, + NO, — N, +
2H,0), however, we did not specifitplscreen for the anammox reaction by the additibtNH,*
bothwith andwithout **NO;". As an alternative proessmay have conibuted 0N, production, ve

attribute tlis N, produdion to an ananmoxdike reactionProduction of *>N-N, was cdculated from

Thamdrup &Dalsgaard(2002) by:
— — (1)

wherep™N, is the excess*N, or **N, in the headsaceof the Exetainer; / is the ratioof heavy
isotopeto total N, signal for eiher sample §) or referencer anda. is a cdibraion factor determined
by referenceto atmospheric air. The Bunsenpefficient for N, was usedto acount for gassdubility

in liquid.

Equation 1 was then used to ¢eulate the total amount of ,ldroduced via denitiifation and

“anammox” through:

)

and

3)
where  isthefraction of'°N in NOj (i.e. 98%).

N,O productionwas nmeasired from duplicee vials containing slurries it were prepareddentically
to those sedto determine rates oflenitrification and“anammox”. A 50 ul subsampleof the
headspcewas injectedinto a gaschromatograph (GC Agilent Technologies UKmited, Cledhire)
equipped with 63Ni eledron cagure degédor using a 5% methane:argon carriasgnd chibrated
against known standards,@®! production vas calculaed as theincreasein cone@rration versus tim

using the Bunseaoocefficient to acount fa gas solubility in tk liquid phase.
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2.4 Statistical analysis

We tesed sanpling poirts within eachlocation for spatial independence using data for soil edaphi
properties and dwtrification and anammox process rafests were peformed via ordinary kiging
and modekdin ArcMap©, ver.10.0 using weighte@as-squaesaralysis (data not showngppatal
independece for processrates wasfound at disances > 3 min forested ges and > 5 nin ol pam
sites. We also found that for most edajuh vaiiables (pH excluded, spatial independenceras
acheved at distances > 5.5 rim plantdion siesand substantily lessthan this for foresed sites. pH
was independet at distages> 13.5 m and > 15 nn plartation and forested sites resedively.
Therdore, our sampling pants randorty spaed at distanes> 30 mapert were spaally indepemlent
and were consdered replicaes br statistical testing. Data werechecked for normaity using the
Shapio-Wilk test and vaables displaying non-norm&f were log tarsformed beore analys. N
cycling proesses areeparted as an aerial rate (frito 10 cm depth) using the mean artdrslard aror
asmeasues of ertral terdency and disiioution after adjsting for bulk density. When converting t
an aeral rate, the blk densty for the site wasused rather than thefeeence blk densiy of the PF
Analysis was performed using one-way ANOVA with sites representing amens. Multiple
comparisons of means were theompleed using Tukels post-hoctest. However, correlation
analysis vas paformed using the Spearam's rank test onrpcess ras prior to adjstng for bulk
density. Al signfficance levels are reporteasp < 0.05 and analysisagperfornedin R v.2.15.3 R

Development Core Ban2013).

3. Resaults

3.1 Siteand edaphic factors

Although d soils were clagd assilt-clay loans, there weresame diferencesin the sandg < 0.001)
and chy content betweenites p < 0.00). Most notable were the losend content of 6Y and X5
(Table 1).Despte differences awss sies, chy content vaswithin 10%: ranging from 21- 31%. Bulk
densty in 6Y was signficartly higher tlan thein the unditurbed soils of thé’F, and therecertly

converted 3Y. Uhke many of thecommercial plantations that employ heavy machinery to remove

10
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vegetation and prepasites, 3Y had been largely cleared by handhwimited sal disturbance
Residal forest vegetation (i.e. e sumps), and a vigorousegrowth of hebaceous vegetatiowas
alsoobseredatthis site. Soil pH langed from a low of 4.34 + 0.08h 15Y to a significarly high 5.91

+0.1in 5Y.

Soilsin forested sieshad similar propemiswith the exception ofdl organic mater and Ncontent.
Specifcaly, sdl texture, bulk density, pH, @l ratio andinorgaric N (NO; and NH,") content did
not difer regardless of forest successioral stage. However, sal orgarnic mater declined wih
increasing faest disturbane andwas significanty higherin the primary forst than morerecenly
disturted successinal foress, MS2 (p = 0.01) ancES (p = 0.003. We found no evidence of organic
matterloss or gainthrough phartation age, but the aagic contentof soilsin 5Y was similar to the
primary forest. The high oggic cortent and pH of site 5Y may be a result chidage, orgnic matte
returns (i.e. straw ad empty fruit bunches) and, possiblyming at this heavily-managed site
Organic matterwas lowestin 3Y. The CN ratio was characteristally low for tropical sds andwas
statistcally lower in 6Y plantation compareathe two most mature plantations (8Y and 15Y), dhe o

the md-successionalMS1), and the ES fest.

Total orgaric N (%) correlated with sal orgaric mater (r = 0.664;p < 0.001) and ashighestin the
primary forest (Table 1) andwestin 3M. For M, onits second rtation asan oil palm plantabn,
total N was stdistically lower than in # other sites. In theremaining pantations agd 3 - 15 yeas,
sdl N ranged from 0.18%- 0.32%, which wassimilarto that obseredin successional foests (0.17%
— 0.30%). In foreded sites, therewas a patial trend of decreasing 80N with increasing foed
disturbance (i.e. MS2 > MS1 > RRnd the Ncontent of the two most distbed forestsES and MS1,

were significanty lower than tat of the pimary fored.

3.2 Gross N transformation rates

In-situ measuwenerts of NH,” and NQ production ad consumption, throughsaope pl dilution,
provided indiesof gross N mineralisation and gross nitd@tion (Fig. 1). ®oss mineralisation ras

did not differ signifi@artly acrassthechronosequencep(= 0.597) although NH production tended to
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be higherin plartations (mean: 1.5 + 0.15 g N’na™") than forests (mean: 1.0 + 0.15 g N°m").
There was also a teneincy for NH,  productionto decline during thenitial stags of plantaion
developnert. Specifically,ratesin the ecently re-planted 3M @nationwere approximaty half that
of the pimary forest and onehird of that ob®ved in palm stands @r 5-years old. Gross
mineralsation appearetb recover, teit partidly, in 3Y before sabilisingin plantations agd5— 15
years.Gross NH'" consumption (See Supemertary Talde S2) wassimilar to, and tsongy correlated
with, gross mineralisationr (= 0.92;p < 0.001). In genetaNH ,; wasconsumed at alower rate than it
was prodicedyielding postive net mineralisation. GssNH,; production vas carrelatedwith water-
filled poe space ¢ = 0.378;p = 0.003) andsdl orgaric mater (r = 0.320;p = 0.012). High ratesfo
gross mineralisation weraccanpanid by ammoniumas the dominant5 — 10 times greaterthan
nitrate) form ofinorganic N in all sdls. Exracade ammonium tended to be highier the most

recenly disturtedstes; ES and 3Y (Table 1).

Gross nitrifcation rarnged from 0.34 + 0.10 g N ihd™ in the 8Yto 1.39 + 0.21 in the PF (Fig. 1n |
general, rates of gross nifitcationin foreds were approximatdy double that of fantations, dthough
the only signicant differencewas between 8Y and MSI1p(= 0.007). NG consumptionwas
postively as®ciated with N@ production = 0.965;p < 0.003, howe\er consumptionexceeded
production at all sites sdting in negative net nitffication. Concentrations of extrade NO; were
consistent vth high nitrate consumptionremaining low across siseand ranging from 0.19 + 0.G2
N m?in MS1 to 0.43 + 0.20 g N fin 15Y. However, nitrate concentrations were gehehagher in
the pantations rdative to the faests (Tade 1), and were stistically higherin the 3Y, 6Y and 15Y
plantations reltwve to MS1. Extractable nitriee wasnotcorrelatedwith gross NG; produdion but vas
postively carelatedwith gross mineralisationr (= 0.389;p = 0.0®) and total N = 0.459;p =

0.001).

In forested sites, ggs nitrification exceeded NKI consumption resultg in negatie NH,
immobilisation (Fig. 2). In oil pém sites, the opposite agtrue as NH,; consumptionin excess of
gross nitrifcation ealted in postive imnobilisaion d ammonium at the majority of tes.

Interedingly, the exception to this wasthe frst-generation 3Y smbdolding that had most reently
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undergone conversion, retainedidewce of resiual fores vegetabn, and had an tblished
herbaceous regwth. As the ckeulation of NH, immobilisation resutidin large standardreors, the
majoiity of sitesdid not dffer statisically. However, the high N immobilisation rée in 6Y and 8Y
was significantly greaer than the sondy negativerate of the mid-successial forest, MS1 f§ <
0.001). NH" immobilisaion was postively carelated with watefilled pore spce(r = 0.505;p =

0.001), but did not codlate with any other edaphic property.

3.3 Potential N, production rates

Deritrifi cation was responsible for 45-91% of total N, production potertial (i.e. *N, + *N,
production) and, for most sites,as/the pincipal N, formation mechaisim (Fig. 2). Differerces
between sites were highly sigmifint (F(9,48)= 27.9;p < 0.001) and deniti¢ationin PF washighe
than all other site There wasalsoa ckartrend of declining denitrifistion through forest dsturbance

with the lowest rates observed in 3Y.

Denitrifi cation increased asplantations matad and vas staistically higherin 15Y than ES and palm
stands ag@d 3 monthgo 5 years. Degite the incease indenitrifi cation with stand maturity, rates/ere
still orly 43% of the PHeference rte 15 years fier plantation etablishment. We assuned tha
recovery of denitri€ation fundion is linear through plantation age efiiXifi caione =
0.0286*pantation age (years) 0.0006:r*> = 0.94]; See Supemertary Fig. S2) andextrapolated
mean rates through the econoim life of the pantation. Our model idicaes that N production
attributed to denitrfication will be 0.71 + 0.07 (i.e.~ 75%) dhat of the PFby thetime palms a
felled, chipped andepanted at 25 yeas. Although a similar amount of time had elapsed since
disturbancen ES and the 15Y, denitidfation poertial in 15Y wassignificartly higher ttanin ES (p

< 0.00). Denitrification raes were podively correlagd with silt content (r = 0.306;p < 0.001)
waterfilled pore spacer(= 0.238,p = 0.01), and tfate (r = 0.210;p < 0.025). Rats were also

negativelycorrelated with sand caent (r = -0.268;p < 0.004).
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Production of*’N, was abovethat whichcould be reasondp attibuted to denitrification indicating
that an altanative proess (e.g. anammox or codeniigétion) was contributing to N, production
(Thamdrup &Dalsgaad, 2002;Trimmer, et al., 2003).We attibute this additional N, production to
an “anammoxdike” reaction. Poduction va this pathvay was generallyan order of magnitudéess
than for enitrification. However, unlike denitrifiteon, there vas no trend of ddine and reovery
following disturbane (Fig. 2). The highésrates were observed in # PF which significanly
exceeded theate obseredin ES < 0.001) and in 15Yp= 0.045). Potential actity in 8Y and 5Y
wassinilar to the PF but greaterathin 15Y andES. Prodution of N, via this anammox-like proces
was significanty correlated with dentrification (r = 0.564;p < 0.001) and #i content { =0.317;p <

0.001) and negativelyorrdatedwith sand content = -0.292;p = 0.003.

3.4 Potential N,O production

Potental N,O production in the PF as four times greater tan N, production Fig. 2) andremainel
unchangd aaoss the chronosequence regassglef land use or suessional stag. However, tle
maintenance of MD productbn patential contrasts vith that of N, production &sthe sum of bdt
denitrification and“ananmox”) poterially resuting in a much greater JD:N, emission ratio in

recenly disturbed sod (Fig. 3).

Maximum NO:N, productionratios were obserd for the 3M pantaion (N,O:N,= 85 + 20). A
plantations matured, ratios ob®:N, production @dined to pre-disturbance levels (i.ex08N, = 4 in
15Y), however, rates of pettial N-gasemissionwere lower in 15Y reldiveto the PF. N,O datwere

not avalable for plantation 6Y.

4. Discussion

4.1 Deforestation and oil palm establishment alterskey components of soil N cycling

We obsered a fundanertal alterationto the balance ofdy N procesgates following defaestaion
and the egaldishment of oil pan plan&tons. In the PF rates of gross minersdtion wee

commensuratewith ratesof gross nitrifcation and N production signifying aelative equilibrium
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between sib intermal N turnower and loss. However, disturbance tpgss this balace by deceasing
gross nitrification and increasing NHimmobilisgion disupting the pathay to N cycle clsue via
inet N, production. Caversely NO production remains unchangedrass the chronosequete

potentialy resulting in geater NO:N, emissionsin the most disirbed sois.

4.2 Reduced gross nitrification and increased NH ;- immobilisation disrupt N, production

Only a few studisto date have examined grosstigdnsformabnsin tropical lowland sois and most
of thesehave beerconducted in South America. To our knowleggnly Allen et al. (2015) hag
measued gross N transformation rates as forestse convertedto oil palm. In Jambi Province,
Sumatra, tle authos found post-conversion reductions in NHurnover wereapparent in clay
Acrisols that had higher initial fertity, but notin loam Acrisds, which were inherentlyeksfertile
(Allen et al. 2015). We did not observe angrrelaion of N cycling rates with sdl clay content,
however, the observations irlén et al. (208), together with those of thers (Silver et al. 2000; Sita
et d. 2008), highlight the potendl importarce soil exture and clay contenin sdl fertility and N
turnover. Goss minerlsation and gross nitrdéion raeshave adobesnmeasuedin ather perennia
tropical crops Garcia-Montiel & Binkley, 1998;Silver, etal., 2005; Corre, et al., 2006; Burton, et al.,
2007). Incomparison with these stueti,gross minealisation ratesn our forest sdls were higher than
the loam Acisols and similarto the clay Acisols obsered by Allen et al. (2015). Goss
mineralsation ratesin our plantations were sihar to thoseof Albizia and Eucdyptus plantations n
Hawaii (Garcia-Montiel & Binkley, 1998). Goss ntrification rates, although high (0.6418 mgN
kg dh), arewithin therange of 0.01- 24 mg N kg d* reported for tropial sdls generfly (Neill, et

al., 1999; Kese, et al., 2@ Burton,etal., 2007).

Converting foreds to commercal plartations has beerasodated with an incease in gross
mineralsation in sub-tropial Austrdian hoop pine (Burton, et al., 2007), and a deswén Costa
Rican Spanish Il (Silver, et al., 2005). Statisticdly, we found no dferencein gross NH,"
production orconsumption after our foests had been convertedto oil palm. There s a non-

significant declinegn gross mineralisation rates immetig following conversion which recoved 5
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years after lanting indicating that gross mineralisation functignonly minimaly impacted by land-

use clarge. However, rates of gross niicidtion (and NH; immobilisatior) were affeced.

Soil nitrification is often assumed to be stronly influenced by land-use changas nitrifiers
(speciically, auotroptic nitrifiers) represent a speaalised fundional group whichis sendtive
ernvironmertal parametes suchas low O, availabiity and low pH (Carneyet al., 2004).Several
studies nte dedining nitrification folowing conversion ofrbpical foreds to agriculture (Nell, et al.,
1999; Silver, et al., 2005; Verchet al., 2006; Bdon, et al., 2007). Tie magnitude of decling ou
agricultural soils (~50%) refive to faests is sinilar to that reported for the conversiaf forest to
hoop pine |antations in Australia (Burton, teal., 2007), although ¢hdedine was statisicaly

significant betveenony oneforest and one plantation. However, substantial;Nfdoductionaaoss
all sitesindicates that nitfication is an important process, jpaufarly for our forestd sites where
grossnitrification rates gceeded those of gross mineralisation. Rates of grosdcatidh in excess
of gross minerdation ae unusual but nowithout precedentAccoe, et al., 2005; Buon, et al.,
2007). Buton et al (2007) attribuged rates of goss nitrification > gross mineredation to heterotrophi
nitrifi cation which may be important irsome acidc forest sds where the environertal conditions,

such alow pH, inhibit autotrophic nitriication (Zhang, et al., 2011; Zhu, et al., 2013).

The contrast betwengross NH,” consumption and gross nitrification Iéol substantially different
edimatesof NH," immobilisation in our foreds and partations. Recenttsdiesin Sabahsuggestthat
sdl microbial community dynamics are alted following conversiorof foreststo oil palm, but that
secondary fiests retan similar microbial communities to grimary forests (LeefDz, et al., 2013;
Kerfahi, et al., 2013). Wle we did not characterise the ricrobial community directly, potential
denitrification is an indicator of mrobial denitrifying function. In our so#, this function was
drastcdly redu@d (i.e. by > 90%)in disturked forests and phrtations reléive to the . Thus, it is
possble that paternsin gross nitrifcation and NH™ consumptiorreflect a changen the nicrobial
community. For example, fungi apgeparicularly vulnerbe to land-use chargg Kerfahi et al.
(2013) foundthat fungiassociatedwith decomposition of recalcént substrats, suchaslarge woody
debis in forested sies,were less abundant fabwing converson to ol palm. As fungi have a ider
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C:N ratio than bactea (e.g. 10 versus)4they assintate N more effiently than their baerial
counterparts. Wherealktelia increaseat the expese of fungal populations, this potentigl resuts in
increased ammonium consumption. Rhermore, Iss of ecosystm functionalty has been observed
throughdeteriorating root communitytraits folowing the conversiomwf forests to oil pdm by Sahner
et al, (2019. Therdore if land-usechange préerentially affects one merobial functional group, for
example, fungior heteotrophic nitrifiers compaed to decomposers, ifimay explan the declingn
gross nitrifcation and consequég the switch to positive NH, immobilisaiion in our dantaions.
Site 3Y is the most @ntly convered ail palm plantation (3M being a second generation site) that w
sanpled, and the forobial community of 3Y is likely to be most sinhar to that of forested sits,

which couldexplain the gersistene of negative NH~ immobilisationin this one pantation.

4.3 Declining N, production increases the potential for emissions of N,O

High gross nitrifcation ratessuggestthat NH, released by mineralisatiois likely to be rapdly
nitrifi ed in these soils. For thePF, rates of denitrificaion were similarto rates of gross nitrifcation,
and likewise bateenrates of gross nitrifaion and gross mineralisation. Thizdancein the N cycé
swggeststhat denitrifcation is the likely fae for nitrate in undigurbed foret soils. Conversely,in
disturbed soils, agaeased grossnitrification coupéd to increased NH, immobilisation cedes an
imbalance beteen these ky N cycling componentsesuting in a signifcant (57-98%) reductiotin
N, production. By disrupting completioof the N cycle through production of inerp,Nhis sink for
NO; is substantially diminished following land-use change. Furthermore,dutgntal nitrifi cation
and high NO production incrased thelikelihood of emissionsof this greenlouse gas sucealing a
large influx of N such as that foling fertilisation of oil pdm plantations. Our its indicae tha
the higher N-gs emissions obseed in plantations relative to fests by others(Hewitt, et al., 2009
Kimura, et al., 2012; M#ing, et al., 2007; Mairo, et al., 2007),is unlikely to result soldy from
increased denitrification capaty in plantation sois. Whilst N, production delined, pdential N,O
emissionrates were undfected bysal disturbance and land-use chamgggeding that the iniial
stages of denitrification (i.e. reduction of N@ to NO,, NO and N O) are reliaely resigant to
disturbance. However, the declimeN,, but not NO, producton capaiy may have implicabns for
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the proportion of MO emitted during denitii¢ation. Whilst our ratesof N,O emission g potential
ratesin sdls incubated for a sho(D — 2 hour) period, and thergBmay not reflect in-du rates of
N,O production, they nevtieless demonstrate amncreagd risk of N,O:N, production during initi
sdl disturbarce. Ths potertial for increased N,O relative to N, emission is also likelyto be

exacebated followingfertilisation of oil palns.

4.4 Does N cycling “recover” through plantation maturity?

We expectedto observe a recovery of Natus and arincreasein N cycling as plantations matured,
howeer plantations showd little temporal diection to N statis with the exepion of potentid
denitrification. Futhermoe, rates in 15Ywere 43% of thePF rate. Een if recovery continues wit
stand maturity, theres insufficient time for denitfication functionto retun to primary forest rates
befae redarting occus at ~25 years. In additiomecovery of denitrificationin successional forest
was slower than in plartations. In contrst to 15Y, ES vas cleared 16 gas befae sampling, yet
denitrification rates were only 16% of 15Y. Slow recovery urskeonday succesion might resli
from the net increas@ ecosysm productivity wthin regenerating forestthat createslemand forN
andreduces rates of N loss (Brday, 2011;Templer, et al., 2005). By con&d, plartations may be
less limited by N dudo fertilisation, as egn relatively modesamlications of inorgric N are likey

to be greater than natural inpthsough bidogical N fixation.

Ratkesof N, production va our anammoxike process were comgadite, or slightly higher, than thes
repated for the Luqulb tropical faest (Yarg, etal., 2012), but weran order of magnitudéessthan
denitrification. The unsysteniat decline, or recovery,in adivity through disturbed forests and
plantationssuggeststhat this pocess has lower redstance andresilience than denitrifies to the
streses imposed byland-use change. The digbance of pimary forests and &blishment d
plantations ray therdore have a igeater detrinental effect on N production ¥a this proces than

denitrification but tlke effed on overd production rates of Misless.

In conclusion, our results shahat the relive bahnce of N turnoer and loss in therpmary forest is

disupted following land-ise change. While gross Ni production vas similar in both faests and
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plantatiors, reduced goss nitrification andincreased ammonium immobilisation affected the ’soil
ahlity to closethe N cycle through Norodudion post-disturbarec Furthermore, using aspace-for-
time substution indicatesthis balance is Urkely to be edored during the econdmlife of the
plantation. The pettial for N;O production was greater than Nand remained unaffected by
disturbance. This has important imptioas for paential N,O:N, emission atios, paticularly during
the ealy yearsof plantation etablishment and following applications of fdéider to oil palm. The
switch from negative N immobilisationin forests to positive immobilisationin plartations may

alsoresut from changes to marobial population dynamics and warnts further investigation.
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Tale 1: Sdl physial and chemical ppetiesfor the ten study sites locatedLower Kinabatangan.
Valuesreported @ae means \ith sgandard errorin parenthesis. Diérent lowercaselettersindicate
significant differenesbetween the sitesithin eahland usdi.e. pantations and forests).
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Figure 1: Location of the study sitdéthin Sabah Sta and Kirabatangan District and élocaion of
the sampling points on the landscape. Forestesi(sitas@ndingorder of siccession) are early
successional (ES),idtsuccessional 1 and(®1S1 and MS2) andrpnary forest (PF).Oil pdm sites
are stands agedM (months), 3Y, 5Y, 6Y, 8Y and 15Y (years).
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Figure 2:Nitrogen cycling across the chronosequence demonstrates a fandhmateration to tle
balarce of key nitrogen process rates following forest disturbaa (PF - ES) and plantation
eshblishment (3M- 15Y). Raes of gross N miner+als'aion (@) remain unchared but a signiicant
decline in goss nitrification (b) and incrasng NH, immobilisaton (c) interupt the péhway to N,
production va denitrification (d) and‘anammox” (€). N,O production (f) remains unahged aaoss
the chronseqiernce poertially resuting in high rdios of NO:N, emission imredately fdlowing sdl
disturbance(see Fig. 3). Offerent lowercase lettas represent signficant differenes between sites
(one-way ANOVA, Tukey multiple comparison ®émeans ap > 0.05). Bas represent meansSE.
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Figure3: Theratio of N,O:N, produdion inforest (left) and fantations (right). The déimein N,
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production ésthe sum of denitri€ation and‘anammox”) increagsthe potential for B emission in
recenly disturbed sof.
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Tale 1: Soil physical and chemical pperties for the ten study sites locatedLower KinabatanganValues

reported are mans with standard erroin parenthesis.Different lowecase letters indicate signiant

differercesbetween the sites mssboth land uses.
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