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Abstract. Seasonal variation in water table depth (WTD) eralization and consequent slow plant nutrient uptake that
determines the balance between aggradation and degradsuppressed gross primary productivity (GPP) and hence NEP
tion of tropical peatlands. Longer dry seasons together with(2) better soil aeration during intermediate WTD enhanced
human interventions (e.g. drainage) can cause WTD drawnutrient mineralization and hence plant nutrient uptake, GPP
downs making tropical peatland C storage highly vulner-and NEP and (3) deep WTD suppressed NEP through a com-
able. Better predictive capacity for effects of WTD on bination of reduced GPP due to plant water stress and in-
net CQ exchange is thus essential to guide conservatiorcreased ecosystem respiratiaRe) from enhanced deeper

of tropical peat deposits. Mathematical modelling of ba- peat aeration. These WTD effects on NEP were modelled
sic eco-hydrological processes under site-specific conditionfrom basic eco-hydrological processes including microbial
can provide such predictive capacity. We hereby deploy aand root oxidation-reduction reactions driven by soil and root
process-based mathematical modebsysto study effects O, transport and uptake which in turn drove soil and plant
of seasonal variation in WTD on net ecosystem productiv-carbon, nitrogen and phosphorus transformations within a
ity (NEP) of a drainage affected tropical peat swamp forestsoil-plant-atmosphere water transfer scheme driven by water
at Palangkaraya, Indonesia. Simulated NEP suggested thabtential gradients. Including these processes in ecosystem
the peatland was a C source (NER-2gCnt2d-1, where  models should therefore provide an improved predictive ca-
a negative sign represents a C source and a positive sign acity for WTD management programs intended to reduce
C sink) during rainy seasons with shallow WTD, C neutral tropical peat degradation.

or a small sink (NEP~+1gCnt2d1) during early dry
seasons with intermediate WTD and a substantial C source

(NEP~ —4gCnr2d~1) during late dry seasons with deep

WTD from 2002 to 2005. These values were corroboratedl Introduction

by regressions £ <0.0001) of hourly modelled vs. eddy

covariance (EC) net ecosystem £@uxes which yielded Seasonal and interannual fluctuations in water table depth
R2>0.8, intercepts approaching 0 and slopes approachin§/VTD) can affect peatland net G@xchange through com-

1. We also simulated a gradual increase in annual NEP fronPlex effects on soil oxidation-reduction reactions and hence
2002 (-609 g C n2) to 2005 (-373 g C nT2) with decreas-  ON nutrient transformations. Shallow WTD during rainy sea-
ing WTD which was attributed to declines in duration and SONns slows convective-dispersive transport gfi@ough wet
intensity of dry seasons following the EI Nifio event of 2002. Soils. Consequent reduction in soik @oncentrations slows
This increase in modelled NEP was corroborated by gc-O2 uptake used to drive aerobic oxidation-reduction reac-
gap filled annual NEP estimates. Our modelling hypothesedions by soil microbes and roots and hence reduces het-
suggested that (1) poor aeration in wet soils during shallowerotrophic and root respiration. Microbial energy yield from

WTD caused slow nutrient (predominantly phosphorus) min-0xidation of reduced C coupled to reduction op @n-
der aerobic conditions exceeds that from oxidation coupled
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578 M. Mezbahuddin et al.: Modelling WTD effects on tropical peatland net CQ exchange

to reduction of alternative electron acceptors (Brock andfects on peatland net ecosystem £o&xchange. To accom-
Madigan, 1991) under anaerobic conditions. Lower anaerplish this, a model should explicitly represent oxidation-
obic energy yields slow microbial growth and therefore re- reduction reactions, coupled with aqueous and gaseous trans-
duce heterotrophic respiration. Root oxidation-reduction re-fers of their reactants and products. These processes require
actions driving root growth and nutrient uptake also requiremodelling WTD dynamics, soil moisture retention character-
O2 which is scarce when WTD is shallow. Reduced het-istics, gas transport through soil, differential substrate quality
erotrophic and root respiration thus result in reduced ecosysfor microbial degradation and hydrolysis (e.g. labile vs. re-
tem respiration Re) with shallow WTD during rainy sea- calcitrant), nutrient transformations driven by these reac-
sons, as reported in many field studies (Couwenberg et altjons, and microbial and plant nutrient uptake. However, in
2009; Flanagan and Syed, 2011; Limpens et al., 2008; Sula review of 7 widely used ecosystem models, Sulman et
man et al., 2010). Slower microbial growth also reducesal. (2012) found onlyecosys(Grant, 2001) included pro-
decomposition and nutrient mineralization, as well as rootcesses to limit both C&fixation and respiration under shal-
growth and nutrient uptake and hence gross primary productlow WTD. The predictive capacity of the other models were
tivity (GPP) (Cai et al., 2010; Flanagan and Syed, 2011; Mur-limited by (1) not explicitly simulating WTD dynamics and
phy and Moore, 2010; Sulman et al., 2012). consequently not modelling aerobic vs. anaerobic zones from
More rapid @ transport with WTD drawdown during water influxes (e.g. precipitation, lateral recharge) vs. ef-
early dry seasons may increase root and heterotrophic regluxes (e.g. evapotranspiration, lateral discharge) (e.g. Kur-
piration and henc&. (Cai et al., 2010; Sulman et al., 2010). batova et al., 2009; St-Hilaire et al., 2010; van Huissteden
Consequent increases in mineralization and root growthet al., 2006), (2) parameterizing models with empirical rate
and thereby nutrient availability and uptake can also raiseconstants and/or scalar functions for aerobic vs. anaerobic
GPP during this hydroperiod (Cai et al., 2010; Flanagan andlecomposition (e.g. Bond-Lamberty et al., 2007; Frolking et
Syed, 2011; Jauhiainen et al., 2012a; Sulman et al., 2012)al., 2002; St-Hilaire et al., 2010) instead of simulating bio-
Increased GPP in this hydroperiod may further hastgn  geochemical oxidation-reduction reactions affected by soil
through increased production of fresh labile C in the formsaerobicity, and (3) using scalar functions that reduce produc-
of litter fall and root exudates (Limpens et al., 2008). tivity in wet soils through a driver variable such as stomatal
These increases, however, may not sustain with furtheconductancegs) (e.g. Bond-Lamberty et al., 2007; Frolk-
WTD drawdown in the later part of a prolonged dry sea- ing et al., 2002) instead of simulating nutrient limitations to
son when WTD falls below a critical depth. This critical CO, fixation imposed by reduced nutrient availability and
WTD is highly site-specific depending upon peat forming root nutrient uptake caused by slower oxidation-reduction re-
vegetation and artificial drainage. For instance, this criticalactions resultant of slower £transport processes through
WTD may vary from as shallow as 0.4 m (Sonnentag et al.,soils and roots. The general purpose terrestrial ecosystem
2010) for pristine peatlands dominated by moss with shal-model ecosysincludes site-independent algorithms repre-
low rhizoids to as deep as 0.9 m (Schwarzel et al., 2006) forsenting all the processes affected by aerobicity mentioned
drained peatlands dominated by vascular plants with deepbove, thereby excluding the need for arbitrary model param-
root systems. When WTD falls below the critical depth for eterization. The model could therefore successfully simulate
a particular peatland, near surface peat desiccation occur$VTD effects onRe and GPP of different peatlands with-
This desiccation can reduce near surface peat decompositiaout site-specific parameterization (e.g. Dimitrov et al., 2010,
by reducing microbial access to substrate, e.g. dissolved 0r2011; Grant et al., 2012a).
ganic C (DOC) in desiccated near-surface soil (Dimitrov et  All of the previous peatland modelling studies mentioned
al., 2010), thereby slowing oxidation-reduction reactions andabove have been tested only against measurements from
hence microbial growth. The reduction in decomposition of northern temperate and boreal peatlands. Modelling the fate
desiccated near surface peat can be partially or fully offsebf vulnerable C storage in tropical peatlands under WTD
by increases in decomposition of better aerated deeper pedtuctuations is still largely under-investigated. For instance,
thereby causing no net changesRg during this hydrope- modelling WTD effects on tropical peat soil respiration
riod (Dimitrov et al., 2010; Lafleur et al., 2005; Strack and has to date predominantly included regressions of soij CO
Waddington, 2007). However, plant water stress from neaffluxes against WTD (e.g. Couwenberg et al., 2009; Hirano et
surface peat desiccation might also cause a decline in GPBI., 2009; Hooijer et al., 2010; Jauhiainen et al., 2008, 2012b;
during deep WTD hydroperiods (Dimitrov et al., 2011; Sul- Melling et al., 2005) without taking other confounding fac-
man et al., 2010), thereby lowering net ecosystem productors like land use, nutrient availability, nature of the peat,
tivity (NEP). Therefore, responses of peatland ecosystem netcosystem productivity etc. into consideration (Murdiyarso
CO; exchange to WTD fluctuations are governed by basicet al., 2010). Modelling eco-physiological response to hy-
soil hydrological and biological processes and their interac-drology in tropical peatlands is particularly important since
tions with plant physiology. climates in tropical peatlands are very different from those
Process-based ecosystem models can provide us witin northern temperate and boreal peatlands. Tropical peat-
means of understanding basic mechanisms behind WTD eflands are formed under high temperature and precipitation,
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an important consequence of which is that a small WTD formation and root growth and uptake resulting from
drawdown might cause a large increase in peat decompo- slower & diffusion through wet sails.

sition (Page et al., 2009). Distinct dry seasons almost ev-
ery year together with human intervention such as drainage
have been reported to deepen WTD, thereby causing rapid
decomposition of very old and thick (up t926 000 yr old

and 9 m thick as C dated and measured by Page et al., 2004)
tropical peat deposits (Couwenberg et al., 2009; Hirano et
al.,, 2009, 2012; Jauhiainen et al., 2008). Moreover, tropi-
cal peatlands are generally formed by roots and remains of
trees and devoid of bryophytes (e.g. mosses) as opposed to
the northern peatlands that are mainly formed by mosses
or co-dominated by mosses and vascular plants. Trees have
well developed root systems and stomatal regulations that are ; . LT X
lacking in bryophytes. These differences can alter plant wa- in deeper peat respiration, resulting in no net increase
ter and nutrient uptake processes in tree dominated peatlands of Re.

from those in bryophyte dominated peatlands. Consequently 3. peeper WTD during the late dry season (August—

2. When WTD increases during the early dry season
(May—July), more rapid @transport into larger unsat-
urated soil zones enables faster root growth and mi-
crobial nutrient transformations that in turns results
in more rapid root nutrient uptake and g®xation
which contributes to a higher NEP. Increasedawail-
ability in this hydroperiod may, however, result in
more rapid aerobic decomposition in deeper peat lay-
ers. Drying of surface residues and near surface peat
layers at the same time can reduce surface and near
surface soil respiration thereby offsetting the increase

WTD effects on productivity of tropical peatlands may be October), causes greater desiccation of near surface
very different than of those in northern boreal and temper- peat which forces declines in root and canopy water
ate peatlands. Besides, tropical peat deposits formed by tree potentials, and consequently in canopy conductance
remains can have very different substrate quality for micro- and CQ fixation, thereby reducing NEP. Further deep-
bial decomposition than boreal and temperate moss peatlands ening of the aerobic peat zone during this hydrope-
and hence may have a different WTD — peat respiration in- riod may lead to an increase in deeper peat respiration
teraction. This difference in peat forming materials can also which exceeds reduction in near surface peat respira-
cause different hydrological characteristics thereby produc- tion through desiccation, raisinge and further lower-

ing very different water retention and transport phenomena ing NEP.

between tropical and temperate/boreal peatlands. Variations

in climate and peat forming vegetation thus necessitate rig-

orous testing of process models against measurements acrods Methods

peatlands developed under very different climate (e.g. boreal

vs. tropical) and vegetation (e.g. moss vs. tree) to improve?-l Model development
redictive capacity for eco-hydrological controls on peatland

?; balance. pacity 4 g P 2.1.1 General

The process-based hourly time step ecosystem modet.,qy4s a general purpose terrestrial ecosystem model that

ecosy9reviously simulated the effects of WTD fluctugtipns simulates 3-D soil-microbes-plant-atmosphere water, en-
on net CQ exchange of northern boreal peatlands (Dimitrov ergy, C and nutrient (nitrogen, phosphorus) transfer schemes
et a_l., 20_11; Grant et al., 2012a). T_estlng the same mOdeéGrant, 2001). Details of the key algorithms ézosysare
against site measurements of a tropical peatland would thu@iven in the supplementary materials from Appendices A to
be an important test of the versatility of its algorithms repre- [, \ ity qefinitions of the terms and references. Algorithms
senting the processes described above. Such a test will allo‘ﬂoverning WTD effects on net ecosystem £&xchange that

us to determine whether our current understanding of peaty ¢ gjrectly related to our modelling hypotheses are described
land water, nutrient and C interactions is sufficiently robust; 1o following sections. For simplicity and clarity we have

to capture complex WTD effects on peatlaRd and GPP o4 1t the equations within the text. Instead we have cited
over a wide range of climates (boreal to tropical). Our studyy,e equations within brackets with the letter representing a

hereby useecosydo simulate WTD effects on net G@&x- 5 icyjar appendix in the supplementary materials.
change of a drainage affected tropical peat swamp forest at

Palangkaraya, Central Kalimantan, Indonesia (Hirano etal.2 1.2 Heterotrophic respiration
2007). These effects are summarized in modelling hypothe-
ses during three seasonal hydroperiods as follows: Organic transformations irecosysoccur in five organic
matter-microbe complexes (coarse woody litter, fine non-
woody litter, animal manure, particulate organic C (POC),
1. Shallow WTD in the rainy season (November—April) and humus), each of which consists of five organic states
causes lower net ecosystem productivity (NEP) mainly (three decomposition substrates: solid organic C, sorbed or-
through slower C@ fixation due to reduced nutrient ganic C and microbial residue C, as well as the decomposi-
availability and uptake caused by slower nutrient trans-tion product: DOC, and the decomposition agent: microbial

www.biogeosciences.net/11/577/2014/ Biogeosciences, 11,59792014
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biomass) in a surface residue layer and in each soil layertake (A17) and henc®y (Al4), Rg (A20) and growth of
The decomposition rates of each of the three substrates antf (A25). Larger M in turn hastens decomposition of or-
resulting production of DOC in each complex is a first-order ganic C (A1, A2) and production of DOC which further has-
function of the active biomasse&( of diverse heterotrophic tensRh (A13), Rg and growth ofd. More rapid decompo-
microbial functional types, including obligate aerobes (bac-sition of organic C under adequate Jin this hydrope-
teria and fungi), facultative anaerobes (denitrifiers), obligateriod also causes more rapid decomposition of organic nitro-
anaerobes (fermenters), heterotrophic (acetotrophic) and agen and phosphorus (A7) and production of DON and DOP,
totrophic (hydrogenotrophic) methanogens, and aerobic angvhich increases uptake of microbial nitrogen and phospho-
anaerobic heterotrophic diazotrophs (hon-symbioticfik- rus (A22) and hence growth aff (A29). This rapid growth
ers) (Al, A2). Decomposition rates are calculated from thecauses rapid mineralization of organic nitrogen and phospho-
fraction of substrate mass colonized M(A4). Growth of  rus, and hence greater agueous concentrations QLf, INKD;
M by each microbial functional type (A25) is calculated and HPO, (A26).
from its uptake of DOC (A21), driven by energy yields from  However, desiccation of surface litter and near surface soil
growth respiration Rg) (A20) remaining after subtracting resulting from deepening WTD decreases litter and soil wa-
maintenance respiratioRf,) (A18) from heterotrophic res-  ter contents and potentialg{) which cause an increase in
piration (Rn) (Al1) driven by DOC oxidation (A13). This aqueous microbial concentrations4]) (A15). This reduces
oxidation may be limited by microbial Oreduction (A14)  microbial access to the substrate for decomposition through
driven from microbial Q@ demand (A16) and constrained an algorithm for competitive inhibition of microbial exo-
by O, diffusion calculated from agueous,@oncentrations  enzymes (A4) from Lizama and Suzuki (1990), thereby re-
in soil ([Oz¢]) (A17). Values of [Q4 are maintained by ducingRp (A13).
convective-dispersive transport o ®@om the atmosphere to
gaseous and aqueous phases of the soil surface layer (D15),1.3 Autotrophic respiration and growth
by convective-dispersive transport of @rough gaseous and .
aqueous phases in adjacent soil layers (D16, D19), and bfprowth of root and shoot phytomass in each plant popula-
dissolution of Q from gaseous to agueous phases withintion is calculated from its assimilation of the non-structural
each soil layer (D14a). C product of CQ fixation (oc) (C20). Assimilation is driven

With shallower WTD during the rainy season, air-filled PY Rg (C17) remaining after subtracting (C16) from au-
porosity @) above the water table may decline to values attotrophic respiration ko) (C13) driven by oxidation obc
which low O diffusivity in the gaseous phas®§) (D17) (C14). This OX|dat|(_)n in roots may be limited by roop @-
may reduce gaseous,@ansport (D16), whil&)y below the ~ duction (C14b) which is driven by root{demand to sus-
water table is zero and so prevents gaseopdrénsport.  tain C oxidation and nutrient uptake (C14e), and constrained
During this hydroperiod, [@] relies more on @ transport Py Oz uptake controlled by concentrations of aqueoysrO
through the slower aqueous phase (D19). A consequent ddhe Soil ([Qx]) and roots ([Q]) (C14d). Values of [Q4] are
cline in [Oxg slows O, uptake (A17) and henc®y, (A14), maintained by convective-dispersive transport gftlrough
Ry (A20) and growth of\ (A25). Lower M in turn slows de- soil gaseous and aqueous phases and by dissolutior of O
composition of organic C (A1, A2) and production of DOC from soil gaseous to aqueous phases. Values of] [are
which further slowsRy, (A13), Rq and growth of M. Al- maintained by convective-dispersive transport _thmough
though some microbial functional types can sustain DOCthe root gaseous phase (D16d) and by dissolution,df@n
oxidation by reducing alternative electron acceptors (e.g0o0t gaseous to aqueous phases (D14b) through processes
methanogens reducing acetate or ;00 CHa, and deni- analogous to those described under Sect. 2.1.2. This trans-
trifiers reducing NQ@ to N»O or Np), lower energy yields ~ Port depen.ds on species-specific values used for root air-
from these reactions redud (A21), and hences growth, filled porosity @pr) (D17b). _ _
organic C decomposition and subsequent DOC production. LOW 6g with shallow WTD during the rainy season re-
Slower decomposition of organic C under lowPalso duces soil @ transport, forces root uptake to rely more
causes slower decomposition of organic nitrogen and phosen [Ozr] and hence on root ©transport determined b
phorus (A7) and production of dissolved organic nitrogen If this transport is inadequate, decline inj{slows root Q
(DON) and phosphorus (DOP), which causes slower up-Uptake (Cl4c, d) and hend&, (C14b), Ry (C17) and root
take of microbial nitrogen and phosphorus (A22) and hencedrowth (C20b). Increasety with WTD drawdown during the
growth of M (A29). This slower growth causes slower min- dry season, however, facilitates ragig which allows root
eralization of organic nitrogen and phosphorus, and henc&2 demand to be almost entirely met fromA{(C14c, d).
lower aqueous concentrations of NHNO; and HPO;
(A26).

Increase irfg with WTD drawdown during the dry season
results in greateDy (D17) and hence more rapid gaseous
O2 transport. A consequent rise in 4§ increases @ up-

Biogeosciences, 11, 57399, 2014 www.biogeosciences.net/11/577/2014/
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2.1.4 Gross primary productivity the major source of water and nutrient inputs is through
precipitation. Vegetation of these peatlands includes ever-

By reducing root Q uptake, shallow WTD slows root growth green over-storey trees and dense under-storey of dominant
(C20b) and root nitrogen and phosphorus uptake (C23b, diree seedlings with no mosses. These peatlands were drained
f). Root nitrogen and phosphorus uptake in this hydroperiodby excavating drainage canals during 1996-1997, approxi-
is further slowed by reductions in aqueous concentrations ofnately 5yr before the measurements started at a flux sta-
NHj{, NO; and PO, (C23a, c, e) from slower mineral- tion established in Palangkaraya Drained Peat Swamp For-
ization of organic nitrogen and phosphorus as described irest (PDPSF). Peat depth around the flux tower site was about
Sect. 2.1.2. Slower root nitrogen and phosphorus uptake i m. Detail description of edaphic and vegetation character-
turn reduces concentrations of non-structural nitrogen andstics as well as management history of the site can be found
phosphorus products of root uptake(@ndop) with respect  in Hirano et al. (2007) and Jauhiainen et al. (2008).
to that ofoc in leaves (C11), thereby slowing Gdixation
(C6) and hence GPP. 2.2.2 Field datasets

Increased availability of [@] with WTD drawdown dur-
ing the dry season hastens root Gptake and so enables CO, fluxes used for model validation in our study were mea-
more rapid root growth and nitrogen and phosphorus up-sured by Hirano et al. (2007) at a flux station established
take as discussed in Sect. 2.1.3. Increased root growth and PDPSF during November 2001. Hourly NEP (a negative
nitrogen and phosphorus uptake is further stimulated by insign represents an upward flux or a flux out of the ecosystem
creased aqueous concentrations of/NIMO; and HPO, and a positive sign represents a downward flux or a flux into
(C23a4, c, e) from more rapid mineralization of organic nitro- the ecosystem) over PDPSF was estimated by a combina-
gen and phosphorus during this hydroperiod as described ition of eddy and storage GQlux measured using a micro-
Sect. 2.1.2. Greater root nitrogen and phosphorus uptake imeteorological approach (Hirano et al., 2007). NEP along
turn increases concentrationsogf andop with respect tarc with latent heat (LE) and sensible heat)(fluxes were mea-
in leaves (C11), thereby facilitating rapid @@xation (C6)  sured by using an open path Q1,0 analyzer mounted at
and hence GPP. 41.3 m height, about 15 m above the forest canopy (Hirano

With deeper WTD during the late dry season, GPP is lesst al., 2007). A CQ profile was also measured by using a
limited by root and microbial growth and nutrient uptake closed path analyzer at six heights between 2.0 and 41.3 m.
as discussed above. However, GPP in this hydroperiod caklourly weather variables (e.g. incoming longwave and short-
be adversely affected by water stress. When WTD deepenwave radiation, wind speed, relative humidity, air tempera-
past a critical depth (Sect. 1), inadequate capillary rise (D9a}ure, precipitation etc.) were also measured at the flux sta-
causes near-surface peat desiccation, reducing soil water ption. Soil moisture conten®{ at a depth from 0-0.2m and
tential (¥s) and increasing soil hydraulic resistanc@s) soil temperatureT) at 0.05 m depth were measured in hum-
(B9), forcing lower root, canopy and turgor potentiajg,(  mocks. Hourly WTD measurements at the site were started
Y andit) (B4) and hence lowegs (B2b) to be calculated  from April 2004. Ground reference point for WTD measure-
when equilibrating plant water uptake with transpiratian ( ments was a hollow surface.
(B14). Lowergs in turn reduces Ce@diffusion into the leaves A u* (friction velocity) threshold of 0.17 mTg was used
thereby reducing C@fixation (C6) and hence GPP during to screen out the NEP in a calm night hour. Howeveryho
this hydroperiod. threshold screening was performed for daytime NEP. NEP

Thus WTD effects orRp, Raand GPP irecosysare notpa- measured in the rain was also excluded (Hirano et al., 2005,
rameterized from ecosystem level observations, but instea@012). Nighttime NEP that survived the quality control was
are governed by basic processes gft@nsport and uptake; used as a measure of nighttinrRg. Daytime Re was extrap-
root and microbial energy yields, growth and nutrient uptake;olated by using nighttime&ke. GPP was then calculated by
and stomatal regulation controlled by root water uptake pa-adding daytimeR, to daytime NEP that survived the quality

rameterized from independent research. screening.
Flux gaps due to quality control were filled by Hirano et
2.2 Modelling experiment al. (2007) through look up tables (LUT) created for four pe-
riods of 3 months each (November—January, February—April,
2.2.1 Site conditions May—July and August—October). Hourly measuéedVTD

and Ts were used to incorporate environmental controls in
The ecosysalgorithms for simulating WTD effects on net LUTSs for filling nighttime NEP & Re) gaps. No hourly
ecosystem C@exchange were tested against the measureWTD measurement was available at the site before April
ments over a drainage affected tropical peat swamp fores2004. Therefore, only was used as hydrological control in
at Palangkaraya, Central Kalimantan, Indonesi2@22’ S LUTs from January 2002—March 2004. In order to balance
and 1142'11"E). The site is a tropical ombrotrophic bog the number of original data in each céllwas grouped into
peatland formed mainly by roots and remains of trees wheresix classes from below 0.23%m=2 to above 0.35fim—3

www.biogeosciences.net/11/577/2014/ Biogeosciences, 11,59792014
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with an interval of 0.03Mm~3. Ts was also grouped into hollow ratios as described by Jauhiainen et al. (2008), and
five classes from 25 to 3@ with an interval of 2C. In fill- then regressed on hourly measured EC,@0xes for each
ing GPP gaps, photosynthetic photon flux density (PPFD)year from 2002-2005. Model performance was evaluated
and vapour pressure deficiDf were used as environmen- from regression intercepts (0), slopes® — 1) and coeffi-
tal factors to create LUTs similar to those used . cients of determinationR? — 1) for each study year in order
PPFD andD were grouped into eight classes from 5-250 to to test whether there was any systematic divergence between
above 1750 umolm? s at intervals of 250 umol s~ the modelled and EC measured as well as between modelled
and three classes of below 1.2, 1.2-1.8 and above 1.8 kPand gap-filled CQ fluxes. This test is very important since
respectively. Finally, NEP gaps during daytime hours wereany small divergence between hourly modelled and EC mea-
calculated by the differences between gap-filled GPP and essured as well as between hourly modelled and gap-filled CO
timated daytimeRe. fluxes can result in a large divergence between modelled and
A more detailed description of eddy covariance (EC) EC-gap filled annual estimates.
methodology, measurement techniques, quality control, and
partitioning and gap filling of fluxes can be found in Hirano 2.2.5 Analyses of model results
et al. (2007, 2012).
In order to examine WTD effects on seasonal variations in
2.2.3 Model run NEP as proposed in hypotheses 1, 2 and 3 of our study, we
chose daily modelled and EC-gap filled NEP for 30 days each
For our modelling experiment, the PDPSF landscape wadrom the three WTD hydroperiods, i.e. shallow, intermediate
represented by one hummock and one hollow grid cell eactand deep, for 2002—-2005. These 30day periods were cho-
of which had a dimension of 1 m 1 m. Both of the grid cells  sen based on the greatest availability of EC measuregl CO
had identical soil properties except that the hollow grid cell fluxes that passed the quality control procedure described
had a fibric layer thinner by 0.15m than the hummock cellin Sect. 2.2.2. We then performed single factor analyses of
to represent the average site micro-topography described byariance (ANOVA) for the modelled and EC-gap filled NEP
Jauhiainen et al. (2008) (Table 1). Physical and hydrolog-to test whether the means of daily NEP significantly dif-
ical characteristics of the PDPSF peatland and their reprefered among different hydroperiods. A significant difference
sentation in our modelling study were described in our con-in mean NEP between two particular hydroperiods meant
current paper on modelling seasonal variation in WTD andthe variation in mean NEP between those hydroperiods was
surface energy exchange over PDPSF (Mezbahuddin et allarger than the day to day variation in NEP within each of
2014). Very high carbon and nitrogen to phosphorus ratioghose hydroperiods. This test would signify the consistency
(C:N and C:P) with low pH are typical characteristics of of seasonal variations in NEP as a result of WTD fluctua-
tropical peatlands which were represented in our modellingtions.
experiment by inputs measured either at the same site or at
similar surrounding sites (Table 1). Both hummock and hol-2.2.6 Model sensitivity to drained vs. undrained WTD
low grid cells were seeded with evergreen tropical rainforest
over- and under-storey vascular vegetation using the sam&/TD in the modelled grid cells ikcosysarises from water
plant functional types used in an earlier study on an Amazo-exchanges with the atmosphere in the forms of vertical wa-
nian rainforest (Grant et al., 2009), but selecting 0.2 for rootter influxes (e.g. precipitation) and effluxes (e.g. evapotran-
porosity @pr) used in root Q transport (D17d) to represent spiration) through a surface boundary and in the forms of
wetland plant adaptation (Visser et al., 2000). These peatrecharge and discharge with an adjacent ecosystem through
lands under study are generally devoid of mosses and hendateral boundaries. The distanck and hydraulic gradi-
we did not simulate any moss species. The model was theent between modelled WTD and a set external water table
run for 44yr (40yr of spin up and 4yr of simulation run) depth (WTL, representing mean WTD of the adjacent wa-
under repeating 4 yr sequences of hourly weather data (soldershed) generally governs the rate of lateral recharge and
radiation, air temperature, wind speed, humidity and precip-discharge (D10, D10a). All modelled WTDs were spatially
itation) recorded at the site from 2002 to 2005. The spin upaveraged for the hummock and the hollow grid cell with ref-
period allowed C@ exchange in the model to achieve stable erence to the hollow surface. The Wi Bor the simulation
values through successive weather sequences. Model results this study was set at 0.45 m below the hollow surface (i.e.
for the 4 yr of simulation run were compared with measure-0.60 m below the hummock surface) so as to represent the

ments at PDPSF from 2002—-2005. average watershed WTD measured for our drained site (Hi-
rano et al., 2012)L; was set to 400 m in all directions which
2.2.4 Model validation was the nearest distance from the study site to the drainage

canal (Hirano et al., 2012). Since drainage is a key distur-
Hourly CG; fluxes modelled over the hummock and the hol- bance reported to alter WTD and hence C balance of South-
low were spatially averaged to represent 50:50 hummock-east Asian peatlands (Couwenberg et al., 2009; Hooijer et
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Table 1.Key soil properties ascosysnputs to represent a drainage affected tropical peat swamp forest at Palangkaraya, Irfdonesia

Dhumm  Dholl TOC TON TP pH CEC
(m) m  (gkghH (@gMg™H (gMgh (cmol + kg™t
0.01 256

0.05 500 18000 238 3.78 37.5
0.15 192

0.16 0.01

0.20 0.05 500 18000 143 3.78 375
0.25 0.10

0.40 0.25

0.60 0.45 500 14000 115 3.75 37.5
0.80 0.65

1.00 0.85

1.20 1.05

1.40 1.25 500 14000 49 3.75 37.5
1.60 1.45

1.80 1.65

4.00 3.85

* Dhumm= depth from hummock surfac®y,) = depth from hollow surface, TOC = total organic C
(maximum limit of input for TOC concentration icosyss used from an average of TOC values for top

4m of a 9 m deep tropical peat column measured by Page et al., 2004), TON = total organic nitrogen and
TP =total phosphorus (values obtained from Page et al., 1999), pH and CEC = cation exchange capacity
(values obtained from Sayok et al., 2007).

al., 2010), we performed a parallel simulation with W'D fluxes could be attributed to a random error of ca. 20% in
raised from 0.45 m below the hollow surface to 0.15 m aboveEC methodology (Wesely and Hart, 1985). This attribution
the hollow surface (i.e. level with the hummock surface) with was corroborated by root-mean-squares for random errors
everything else unchanged to represent the undrained cofRMSRE) in EC measurements, calculated for forests with
dition. The difference between the two W{Pwas based similar CG fluxes from Richardson et al. (2006) that were
on the maximum observed difference between mean annuaimilar to RMSE. These similar values indicated that further
WTDs over our drained site and a nearby similar undrainedconstraint in model testing could not be achieved without fur-
site as reported by Hirano et al. (2012). The purpose of thigher precision in EC measurements. Regressions of modelled
undrained simulation was to test the sensitivity of the mod-vs. gap-filled CQ fluxes gave larger slopes than those of
elled NEP to the difference in drained vs. undrained WTD. modelled vs. EC-measured G@uxes despite highek? and

A more detailed description of how subsurface hydrology,lower RMSEs, indicating the diurnal variation of the mod-
water balance and surface energy exchange over PDPSF wafled CQ fluxes was systematically larger than that of the
simulated can be found in our concurrent paper on modellinggap-filled CGQ fluxes (Table 2). Further investigation into
seasonal variation in WTD and surface energy exchange overnourly simulated vs. gap-filled and simulated vs. EC mea-
PDPSF (Mezbahuddin et al., 2014). sured net ecosystem GQluxes suggested that modelled
nighttime fluxes were systematically larger than the gap-
filled nighttime fluxes particularly in the rainy season when
valid EC measured data were scarce (Fig. 1). However, mod-
elled nighttime fluxes showed good agreement with more
available valid EC measured nighttime fluxes during the dry
season (Fig. 1).

3 Results
3.1 Modelled vs. measured ecosystem net G@luxes

Regressions of hourly modelled vs. measured net ecosy
tem CQ fluxes gave intercepts within 1.0 umots— of
zero, and slopes within 0.1 of one, indicating minimal bias 3.2 Seasonal variation in WTD and daily net ecosystem

in modelled values for all years of the study except 2005 CO; exchange

when modelled fluxes gave a positive bias slightly greater

than 1.0 umolm?s-1 (Table 2). Values for coefficients of WTD in PDPSF showed distinct seasonality in each year
determination ?) and root-mean-square for errors (RMSE) from 2002 to 2005 (Mezbahuddin et al., 2014). Observed
were~ 0.8 (P <0.0001) and~5.0umolnT?s™1 (Table 2).  WTDs were typically within 0.3m of the hollow surface
Much of the unexplained variance in EC-measured,CO during the rainy season (November—April) increasing to
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0.5-0.8m below the hollow surface at the onset of the3.3 Seasonal variation in WTD and diurnal
dry season (May—July) (Figs. 2-5). During late dry seasons CO, exchange
(August—October) observed WTD fell below 1.0 m from the
hollow surface (Figs. 2-5). Increasing amounts and declindn order to examine WTD effects on ecosystem diurnal
ing seasonality of precipitation caused the wet to dry seasomet CQ exchange, we compared hourly modelled net,CO
drawdown of WTD to be more and more gradual from the fluxes against EC-gap filled GOluxes binned for the three
driest year 2002 to the wettest year 2005 (Figs. 2-5). WTD hydroperiods, i.e. shallow, intermediate and deep from
NEP (a negative sign represents C source and a positive002—2005 (Fig. 7). During 2002—2003, modelled downward
sign represents C sink) modelled and measured over PDPSEOQ; fluxes were suppressed over shallow WTD during the
showed a distinct seasonality, with negative values over shalrainy seasons, became larger over intermediate WTD dur-
low WTD (within 0.3 m below the hollow surface) during the ing the early dry seasons, and again suppressed over deeper
rainy season, near zero or slightly positive values over interAWWTD during the late dry seasons, as were also apparent in
mediate WTD (0.5-0.8 m below the hollow surface) during EC-gap filled CQ fluxes (Fig. 7). During 2004, modelled
the early dry season, and returning to negative values ovedownward fluxes followed the same seasonal pattern as in
deep WTD (>1.0m below the hollow surface) in the late 2002—2003 but EC-gap filled fluxes showed clear suppres-
dry season during each year from 2002 to 2005 (Figs. 2-sion in only the deep WTD hydroperiod (Fig. 7). Both mod-
5). These values indicated that the ecosystem was a C sour@tled and EC-gap filled downward G@luxes during 2005,
when the WTD was shallow, became C neutral or a smallhowever, increased with deepening WTD with no suppres-
sink when WTD receded to an intermediate position, andsion during late dry season (Fig. 7). Suppressions of down-
again became a large source of C when WTD further deepward CQ fluxes during deep WTD periods varied interan-
ened (Figs. 2-5). nually depending upon the duration and intensity of the hy-
Modelled and EC-gap filled NEP during intermediate droperiods. For instance, suppression of modelled and EC-
WTD hydroperiods were significantly?(< 0.01) higher than  gap filled downward C@fluxes during the deep WTD hy-
those during shallow WTD hydroperiods during 2002—-2003droperiods was stronger during the drier late dry seasons of
(Fig. 6). Both the modelled and EC-gap filled NEP showed2002 and 2004, less strong in wetter late dry season of 2003
similar trend of increasing NEP from shallow to interme- and absent in the wettest late dry season of 2005 (Fig. 7)
diate WTD hydroperiods during 2004—2005. However, only  Limited precision and frequency of EC-measured night-
the increases in modelled NEP from shallow to intermediatetime CO, fluxes caused by insufficient nighttime turbulence
WTD hydroperiods in those years were statistically signifi- made the comparison of modelled vs. EC-gap filled upward
cant (P <0.01) (Fig. 6). Both modelled (in 2002—-2004) and CO; fluxes more difficult than that for downward G®uxes.
EC-gap filled (in 2002—2005) NEP during deep WTD hy- EC-gap filled upward C&®fluxes (=Re) showed no signifi-
droperiods was significantlyf<0.01) lower than that dur- cant change except a small decrease during 2003 with WTD
ing intermediate WTD hydroperiods (Fig. 6). This seasonaldrawdown from rainy to early dry seasons and marked in-
trend in NEP also varied interannually depending upon thecreases with further deepening of WTD in late dry seasons
duration and intensity of dry seasons. For instance, NEP durduring 2002—2005 (Fig. 7). These effects of seasonal WTD
ing the deep WTD hydroperiod was more negative in a driervariation on upward C&fluxes (=R¢) were reasonably well
dry season (2002—-2004, Figs. 2—4 and 6) than that in a wettesimulated except that the modelled decrease in upwarg CO
dry season (2005, Figs. 5-6). fluxes from shallow to intermediate WTD hydroperiod in
In addition to the successful simulations of interannual 2003 was smaller than that in EC-gap filled fluxes (Fig. 7).
variation in seasonal cycles of NE;osysvas adequately Moreover, modelled upward COluxes (=Re) had a small
sensitive to the short-term variations in NEP caused bydecrease from rainy to dry season in 2005 which was not ap-
changes in weather. There were several short-term dips iparent in EC-gap filled fluxes (Fig. 7). Increase in EC-gap
EC-gap filled NEP, e.g. DOY 160-170 in 2002 (Fig. 2), DOY filled upward CQ fluxes (=Re) from intermediate to deep
258-262 in 2003 (Fig. 3), DOY 143-146 in 2004 (Fig. 4), WTD hydroperiod was not prominent in modelled upward
DOY 259-262 in 2005 (Fig. 5) etc. caused by smaller,CO fluxes during 2002 (Fig. 7).
influxes and larger C®effluxes on cloudy and rainy days. Both modelled and EC-gap filled downward e€@uxes
These dips were modelled from less £@ixation under increased from shallow to intermediate WTD hydroperiods
lower R, and/or from flushes of soil COeffluxes due to  during 2002, 2003 and 2005 while upward £fixes (=Re)
rewetting surface residues from a rainfall following a dry pe- decreased little or not at all, suggesting that GPP was raised
riod (Grant et al., 2012b). by gradual drawdown of WTD from the rainy to early dry
season (Fig. 7). An increase R, from the rainy to early
dry season may have contributed to the increase in down-
ward CQ fluxes during 2002 (Figs. 2b and 7). However,
a similar increase ik, from the rainy to early dry sea-
sons during 2003 and 2004 did not coincide with a similar
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Table 2. Modelled vs. measured net ecosystemyGldxes over a drainage affected tropical peat swamp forest at Palangkaraya, Intlonesia

Year Precipitaton  n a b R? RMSE RMSRE
(mmyr1

Modelled vs. EC measured G@uxes recorded at* >0.17ms1

2002 1852 3007 082 103 0.77 5.7 55
2003 2291 2595 0.11 105 0.83 4.9 5.9
2004 2560 3299 0.61 101 0.83 4.9 5.8
2005 2620 3164 1.09 1.01 o081 5.2 5.6

Modelled vs. gap-filled CQ@fluxes

2002 1852 5753 0.23 119 0.93 25
2003 2291 6165 —-0.51 1.14 0.92 2.8
2004 2560 5485 -0.76 1.08 0.92 2.6
2005 2620 5494 -0.35 1.10 0.93 2.3

* (a, b) from simple linear regressions of modelled on measuréd: coefficient of determination and
RMSE =root-mean-square for errors from simple linear regressions of measured on modelled. All
measured values were recordedafriction velocity) >0.17 m51. RMSRE = root-mean-square for
random errors in EC measurements calculated by inputting EC fluxes reconged 117 m s Linto
algorithms for estimation of random errors in EC measurements developed for forests by Richardson
etal. (2006).

= EC measured
*+ downward flux ] ~  gap-filed
- upward flux

simulated

Ecosystem net
CO, fluxes (umol m? s™)
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Fig. 1. Hourly EC measured, gap-filled and simulated net ecosystemflD&es and observed and simulated soil water contéhtfr¢m
0-0.20 m depth of the hummock during 2002 and 2003 over a drainage affected tropical peat swamp forest at Palangkaraya, Indonesia.

increase in downward flux, whereas no changkjbetween increase inD from rainy to early dry season (Fig. 6f) did
those hydroperiods during 2005 coincided with an increasenot cause a decline in downward g®@uxes during 2002—
in downward CQ fluxes (Figs. 3-5 and 7). Moreover, an 2005 (Fig. 7). These confounding effects Bf and D on
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Fig. 2. (a) Three day moving averages of simulated and EC-gapFig. 3. (a) Three day moving averages of simulated and EC-gap
filled estimates of net ecosystem productivity (NEP). Solid squaresjled estimates of net ecosystem productivity (NEP). Solid squares
indicate sums of 24 values more than 1/2 of which were recordedngicate sums of 24 values more than 1/2 of which were recorded
atu* (friction velocity) >0.17 ms™, open squares indicate Sums of at,/* (friction velocity) > 0.17 m 51, open squares indicate sums of
24 values more than 1/2 of which were gap-filled, and open triangle4 yalues more than 1/2 of which were gap-filled, and open triangles
indicate sums of 24 values all of which were gap-fillga) hourly  jndicate sums of 24 values all of which were gap-fill@al; hourly
measured precipitation?) and three day moving averages of sim- measured precipitation?) and three day moving averages of sim-
ulated and measured net radiatidth(; and(c) monthly measured  yjated and measured net radiatidth{; and(c) monthly measured
(values digitally obtained from Hirano et al., 2012) and daily mod- (values digitally obtained from Hirano et al., 2012) and daily mod-
elled water table depths (WTD) from hollow surface during 2002 g|led water table depths (WTD) from hollow surface during 2003
over a drainage affected tropical peat swamp forest at Palangkaray@wer a drainage affected tropical peat swamp forest at Palangkaraya,
Indonesia. Negative values of WTD mean depths below the groundindonesia. Negative values of WTD mean depths below the ground.

modelled and EC-gap filled downward @@uxes furtherin-  creasedRe (Figs. 2—7). This seasonal effect of WTD on
dicated that there was a consistent increase in GPP from shaNEP through its effects on GPP a®d can also be corrob-
low to intermediate WTD hydroperiods which was driven orated by the quadratic curve fittings between monthly mod-
by eco-hydrology rather than micrometeorology. Larger de-elled and EC-derived NEP, GPP aig vs. monthly mod-
clines in downward modelled and EC-gap filled £fluxes  elled and observed WTD. Such curve fittings between NEP
than the increases in upward g@uxes (=R¢) from inter- and WTD yielded goodness of fit®?) of 0.61 (modelled
mediate to deep WTD hydroperiods during 2002—2004 in-NEP vs. modelled WTD) and 0.53 (EC-derived NEP vs. ob-
dicated GPP suppression by deep WTD (Fig. 7). Higher served WTD) indicating a small increase in NEP from shal-
(e.g. during 2002—-2004 in Fig. 6f) and lowRf (e.g. due to  low to intermediate WTD hydroperiods and a remarkable de-
smoke haze shading from surrounding forest and peat firesline in NEP from intermediate to deep WTD hydroperiods
during 2002 in Fig. 2b as mentioned by Hirano et al., 2007)during 2002—2004 (Fig. 8). The quadratic relationships be-
may have further contributed to GPP suppression during deepween GPP and WTDR? = 0.14 for modelled GPP vs. mod-
WTD hydroperiods (Fig. 7). However, interannual variation elled WTD andR? = 0.10 for EC-derived GPP vs. observed
in the intensity of GPP suppression (Fig. 7) coincided with WTD) indicated that increases in GPP from shallow to inter-
that in the duration and intensity of dry seasons irrespectivanediate WTD hydroperiods contributed to increases in NEP
of changes irD and R, (Figs. 2—6), as described earlier, fur- and declines in GPP from intermediate to deep WTD hy-
ther suggested the significance of hydrological control overdroperiods contributed to declines in NEP (Fig. 8) and
micrometeorological control in suppressing GPP during deepNTD relationships £2 = 0.53 for modelledRe vs. mod-
WTD hydroperiods. elled WTD andR? = 0.60 for EC-derivedR. vs. observed
Therefore, a gradual drawdown of WTD from rainy to WTD) indicated that no change or small decrease&&ifitom
early dry season resulted in higher NEP mainly by raisingshallow to intermediate WTD hydroperiods contributed lit-
GPP with no change or little decrease Ra (Figs. 2—7). tle to increases in NEP, and large increase®drfrom in-
Further drawdown of WTD during late dry season forced termediate to deep WTD hydroperiods contributed substan-
NEP to decline by a combination of reduced GPP and in-tially to declines in NEP (Fig. 8). Though monthly modelled
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Fig. 4. (a) Three day moving averages of simulated and EC-gapFig. 5. (a) Three day moving averages of simulated and EC-gap
filled estimates of net ecosystem productivity (NEP). Solid squaresilled estimates of net ecosystem productivity (NEP). Solid squares
indicate sums of 24 values more than 1/2 of which were recordedndicate sums of 24 values more than 1/2 of which were recorded at
atu* (friction velocity) >0.17ms?, open squares indicate sums y* (friction velocity) >0.17 ms and open squares indicate sums
of 24 values more than 1/2 of which were gap-filled, and openof 24 values more than 1/2 of which were gap-fillétd) hourly
triangles indicate sums of 24 values all of which were gap-filled; measured precipitatiorP() and three day moving averages of simu-
(b) hourly measured precipitatiorP{ and three day moving aver- lated and measured net radiatiath{; and(c) daily measured (val-
ages of simulated and measured net radiatii;(@nd(c) monthly  ues digitally obtained from Sundari et al., 2012 and measured in
measured (values digitally obtained from Hirano et al., 2012), daily situ as mentioned in Hirano et al., 2007) and modelled water table
measured (site measurements mentioned in Hirano et al., 2007) angepths (WTD) from hollow surface during 2005 over a drainage af-
daily modelled water table depths (WTD) from hollow surface dur- fected tropical peat swamp forest at Palangkaraya, Indonesia. Neg-
ing 2004 over a drainage affected tropical peat swamp forest attive values of WTD mean depths below the ground.
Palangkaraya, Indonesia. Negative values of WTD mean depths be-
low the ground.

to 2005 reduced modelled annual GRRand R, and hence
NEP values were similar to EC-gap filled NEP values, both Re (Table 3), althqugh thi§ reduction could not be cqrrobo-
monthly modelled GPP ang. were systematically larger rated from_EC-derlved gshmates. I_n contrast, EC-derived an-
than EC-derived GPP an (Fig. 8). nual GPP |_ncreased with decreasing WTD from 2002-2004

but EC-derivedRe showed no response (Table 3). Moreover,
modelled annual GPP ankl were consistently larger than
the EC-derived estimates during 2002—2004 (Table 3). Sim-
Interannual variation in WTD over PDPSF from 2002 to ilar declines in modelled GPP arR), with shallower WTD
2005 was mainly caused by differences in annual precipi-eft modelled NPP almost unchanged throughout the study
tation. Increasing amount of annual precipitation from the period (Table 3). However, greater suppression of anRyal
driest year 2002 to the wettest year 2005 drove a graduby shallow WTD caused annual NEP to become gradually
ally shallower average annual modelled and measured WTDESS negative from 2002 to 2005 (Table 3).
from 2002 to 2005 (Table 3). Variation in annual estimates of
neither modelled nor EC-gap filled evapotranspiration (ET)3.5 Seasonal and annual variations in simulated
from 2002 to 2005 did correlate with that in average an- drained vs. undrained WTD and NEP
nual modelled or observed WTD (Table 3). However, mod-
elled lateral discharge increased from 2002 to 2005 with delarge negative simulated and EC-gap filled annual NEP dur-
creasing WTD (Table 3). This interannual variation in WTD ing 2002—-2005 (Table 3) may reflect disturbance effects of
caused interannual variation in NEP over PDPSF from 200Zrainage in 1996—1997 which increased WTD. In order to ex-
to 2005. A gradual rise in both modelled and EC-gap filled amine the drainage effects on modelled NEP, we performed
annual NEP was found from 2002 to 2004 with progressivelya drained vs. undrained model sensitivity test as described
shallower WTD (Table 3). However, modelled NEP was con-in Sect. 2.2.6. During the rainy seasons (November—April)
siderably lower than the EC-gap filled estimates of NEP infrom 2002—-2005, simulated undrained WTD was always
2003 and 2004 (Table 3). The decreasing WTD from 2002above the hollow surface as opposed to the simulated drained

3.4 Interannual variation in WTD and NEP
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Table 3.Simulated (sim) and observed (obs) annual water and C balance over a drainage affected tropical peat swamp forest at Palangkaraye
Indonesid.

Units Year Values from
2002 2003 2004 2005 other studies
sim obs sim obs sim obs sim obs
Precipitation 1852 2291 2560 2620
ET mm yr—l 1485 1325 1607 1366 1545 1324 1558 1310
0 390 708 918 1067
Avg. WTD m 0.77 0.73 0.56 0.59 0.52 0.45 0.52
GPP 4201 3254 4164 3466 4109 3631 4040
Ra gC 2909 2823 2760 2778
NPP nr2 1292 1341 1349 1262 9Bp120¢
Rp yr—l 1901 1918 1777 1635 2182
Re 4810 3848 4741 3844 4537 3907 4413
NEP -609 -594 577 -378 -—-428 -276 373

2 ET = evapotranspiration, observed ET for each year was calculated from EC-gap filled hourly latent heat fluxes measured by Hirano et al. (2005);
Q =total lateral discharge; WTD =water table depth, simulated and observed WTDs are averages of data used in Figs. 2c, 3c, 4c and 5c for 2002,
2003, 2004 and 2005 respectively, observed mean WTD for 2002 was not calculated due to the lack of site measurements and/or literature values for
the first six months (Fig. 2c); GPP =gross primary productivity, observed GPP values were derived by Hirano et al. (2007) from EC-gap filled net
CO;, flux partitioning (Sect. 2.2.2)Ra = autotrophic respiration; NPP = net primary productivity (NPP = GPR,); Ry, = heterotrophic respiration;

Re = ecosystem respiration, observegvalues were derived by Hirano et al. (2007) from EC-gap filled nej @@x partitioning (Sect. 2.2.2); and

NEP =net ecosystem productivity (NEP = NPR},), observed NEP values were derived from hourly EC-gap filled net ecosystenfiG@s

measured and gap-filled by Hirano et al. (2007) (Sect. 2.2.2),

b for Amazonian rainforest (Chambers et al., 2004),

¢ for oil palm plantations in tropical peatlands of Malaysia (Melling et al., 2008),

dfora matureAcaciaplantation in a drained Indonesian peatland with an average WTD of 0.8 m (Jauhiainen et al., 2012b).

WTD where water table never rose above the hollow surfacet Discussion

(Fig. 9). The undrained WTD remained 0.5 m shallower

than the drained WTD, and so altered the timing and inten-4 ¢ Modelling hypotheses of WTD effects on seasonal
sity of the different hydroperiods (Fig. 9). The seasonal vari- variation in tropical peatland NEP

ation in simulated undrained WTD followed that in a nearby

similar undrained tropical peat swamp forest (Fig. 9).
pratp P (Fig. 9) Reduction of NEP during both shallow and deep WTD hy-

NEP modelled in the undrained condition was higher . . ) . .
(less negative) than that in the drained condition during thedroperiods with respect to that in the intermediate WTD hy-

rainy seasons (November—April) but similar during the |atedroperiods was established during 2002—-2005 in Sects. 3.2

dry seasons (August-October) (Fig. 10). However in 20042nd 3.3. Reduction of NEP during the shallow WTD hy-

and 2005, NEP modelled in the undrained simulation WaSdroperiods was mainly attributed to reduction in GPP that

higher than in the drained simulation during late dry seasory/aS independent of changesi andD (Sect. 3.3). Reduc-
(Fig. 10). Large spikes of negative NEP were simulated intion of NEP during the deep WTD hydroperiods, however,

the undrained simulation at the end of the rainy seasons whelyas attributed to reduction in GPP irrespgctivef o:] changes
WTD first declined below the hollow surface (Fig. 10). This N Rn @nd D, and to increase itk irrespective of changes

decline suddenly increased contact between atmosphere affy l€mperature (variations in mean daily air temperature and
aqueous CQin the previously saturated soil, causing rapid mean daily soil temperature measured at 0.05m depth of

degassing. Such spikes were not found in the drained simut-he hummocks were less thafiG among the hydroperiods)

lation where WTD remained below the hollow surface.
On an annual basis, the undrained simulation produce

shallower average WTD by 0.5 m than the drained simula-

tion over four years i.e. 2002—-2005. This reduction in WT
in undrained vs. drained simulation decreased GPPRnd

slightly, but decrease®, much more, thereby increasing

mean annual NEP throughout the study period (Table 4).

Biogeosciences, 11, 57399, 2014

(Sect. 3.3). The absence of a decline in GPP during the deep
WTD hydroperiod in the wettest year 2005 also suggested
that there was a considerable interannual variation in WTD
D effect on tropical peatland NEP that depended on the inten-
sity and duration of dry vs. wet seasons (Sect. 3.3). Seasonal
variation in WTD thus affected that in NEP through its effect
on both GPP an&. as mentioned above independent of vari-
ations in other micrometeorological controls suchras D

and temperature. These effects suggested that tropical peat-
land NEP was reduced by plant processes as affected by soil

d
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Table 4.Sensitivity of modelled annual C balance to drainage over a drainage affected tropical peat swamp forest at Palangkarayéd, Indonesia

589

Units Year

2002 2003 2004 2005 Mean

dr undr dr undr dr undr dr undr dr undr
WTD m 0.77 0.22 0.73 0.17 0.59 0.11 0.45-0.10 0.59 0.10
GPP 4201 3578 4164 3780 4109 3695 4040 3665 4123 3680
Ra gC 2909 2412 2823 2455 2760 2431 2778 2396 2818 2423
NPP nr2 1292 1166 1341 1325 1349 1264 1262 1269 1311 1256
Rn yr—1 1901 1595 1918 1636 1777 1382 1635 1320 1808 1483
Re 4810 4007 4741 4091 4537 3813 4413 3716 4625 3907
NEP -609 —-429 -577 -311 -428 -118 -—-373 -51 —-497 -227

* dr=drained simulation; undr =undrained simulation (Sect. 2.2.6); WTD =water table depth, values are the annual means of simulated
WTD data in Fig. 9, positive values represent WTDs below hollow surface and the negative value represents WTD above the hollow
surface; GPP = gross primary productivifjs = autotrophic respiration; NPP = net primary productivity (NPP = GPRy);

Ry, = heterotrophic respiratiorRe = ecosystem respiration; and NEP = net ecosystem productivity (NEP =N&P.
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Fig. 6. (a) Average simulated daily net ecosystem productivity
(NEPsjm) (b) average EC-gap filled daily net ecosystem pro-
ductivity (NER:c_gap) (C) average simulated water table depths
(WTDsim) (d) average observed water table depths (Widp (e)

Fig. 7.Hourly binned simulated (lines) and EC-gap filled (symbols)
ecosystem net COfluxes during shallow (DOY 1-30, 41-70, 11—
total observed precipitationP(, and(f) average mid-day (10:00— 40 a_nd 41-70 in 2002, 2003, 2004 and 2005 respectlvely_), inter-
14:00 LT) vapour pressure deficib§ during shallow (DOY 1-30, ~Mediate (DOY 121-150, 146-175, 181-210 and 121-150 in 2002,
41-70, 11-40 and 41-70 in 2002, 2003, 2004 and 2005 respecz003, 2004 and 2005 respectively) and deep (DOY 251-280, 251
tively), intermediate (DOY 121150, 146-1-75, 181-210 and 121280, 291320 and 241-270 in 2002, 2003, 2004 and 2005 respec-
150 in 2002, 2003, 2004 and 2005 respectively) and deep (DOYtlver) water table depth (WTD) hydroperiods (delineated by verti-
251-280. 251-280. 291—320 and 241—270 in 2002. 2003. 2004 an(aal dotted lines in Figs. 2-5) over a drainage affected tropical peat
2005 respectively) water table depth (WTD) hydroperiods (delin- swamp forest at Palangkaraya, Indonesia. S_.olld symbols are aver-
eated by vertical dotted lines in Figs. 2-5) over a drainage affected9€s Of 30 hourly values*mor.e than 1/3 of which were ElC measured
tropical peat swamp forest at Palangkaraya, Indonesia. Bars repré=C2 fluxes recorded at™ (friction velocity) >0.17ms=. Open
sent standard errors of means. Asterisks (**) at the top of a col-Symbols are averages of 30 hourly values less than 1/3 of which

<1
umn represent significant?(< 0.01) difference from the adjacent Were EC measured GOluxes recorded at™ >0.17ms*. Bars
column(s). represent standard errors of means.

. . _atthe beginning of our study to explain the underlying causes
processes influenced by both shallow and deep WTD. Smc%f these \gNTD gffects on troypical rf)eatland NEP ying
our modelling could reasonably simulate seasonal variation '
in WTD as well as its effects on that in NEP (Sects. 3.2 and

3.3), we hereby discuss the modelling hypotheses proposed
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) . ) ) Fig. 10. Five-day moving averages of simulated daily net ecosys-
Fig. 8. Relationships between monthly simulated net ecosystemMem productivity (NEP) for drained vs. undrained simulations
productivity (NEP), gross primary productivity (GPP) and ecosys- (sect. 2.2.6) during 2002-2005 over a drainage affected tropical

tem respiration Re), and monthly averaged simulated water table neat swamp forest at Palangkaraya, Indonesia. Drained values are
depths (WTD) (from Figs. 2c, 3c and 4c for 2002, 2003 and 2004ihe same as those in Figs. 2-5.

respectively); and monthly EC-derived NEP (derived from EC-gap
filled hourly CO, fluxes), GPP andke (calculated from monthly

averaged daily values digitally obtained from Hirano et al., 2007),4 1.1 Hypothesis 1: WTD and NEP during rainy season
and monthly averaged observed WTDs (from Figs. 2c, 3c and 4c ’

for _2002, 2003 and ZQO4 respectively) during 2002-2004 over an shallower aerobic zone (Fig. 11) and resulting lowesO
dralnage affected tropical peat swamp forest at Palangkaraya, Infnodelled during the shallow WTD (within 0.3 m of the hol-
donesia. low surface) hydroperiod reduced rates of C oxidation by
microbial populations (A13—A14) which limited microbial
growth (A25) and hindered nutrient mineralization (A26).
Moreover, low [Qg] caused by shallow WTD forced [}
to depend predominantly uponzQransport through root
gaseous phase controlled &y as discussed in Sect. 2.1.3.
Our input of 0.20 fowy, to represent peatland species adap-
tation (Visser et al., 2000), however, was not enough to
maintain adequate [£)] below the water table during this
hydroperiod. Lower [@] suppressed rates of C oxidation by
root and mycorrhizal populations (C14a, b), thereby slowing
root and mycorrhizal growth (C20b) below the water table.
Consequently, root and mycorrhizal growth during this hy-
droperiod were largely confined to the shallow aerobic zone,
thus limiting the soil volume from which nutrient (predom-
inantly phosphorus) uptake (C23b, d, f) could occur. Slow
phosphorus uptake reduceg@ with respect tac in leaves
(C11), thereby slowing C®fixation (C6) and hence GPP
7 St e e g 0 7RAPT Sansesanseranpe seapwa in the model as discussed in Sect. 2.1.4. The suppression of
Day of year productivity with shallow WTD was also apparent in higher
Fig. 9. Simulated daily d_rained vs. undrained water table depths?(?r?]elgsvde?ndr;nea.‘suc;etd Bowen rattlﬁ&( I;I_/LIfE) rg(s;ultlng_
(WTD) (Sect. 2.2.6) during 2002—-2005 over a drainage affected ™ . gs required to conserve the ratio o Goncen
tropical peat swamp forest at Palangkaraya, Indonesia. Drainedration at t_he phOtOSynthet'_C S't_e to that in the ?tmOSphere
WTDs are the same as those in Figs. 2c, 3c, 4c and 5¢ for 2004Cc : Ca) With slower CQ diffusion (Mezbahuddin et al.,
2003, 2004 and 2005 respectively. Negative values of WTD mear?014). Reduction of GPP in our undrained simulation com-
depths below the hollow surface and positive values mean depthpared to our drained simulation was also caused by greater
above the hollow surface. phosphorus limitation under shallower WTD (Table 4).
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In tropical peatlands, phosphorus is likely to be more lim- . Ko . K
iting to CO, fixation than nitrogen as indicated by foliar 2002 f 2003 Yw
nitrogen to phosphorus ratios (N: P) ranging from 22:1 to _

u

2004

pth from hummock s

-0.3

130: 1 measured for different tree species growing in Indone-< 03— ™ 1
sian peatlands (Tuah et al., 2000). A mass based foliar nitro-g / /
gen to phosphorus ratio greater than 16: 1 is thought to indi-2 | ) |
cate phosphorus limitation to plant productivity over nitrogen
limitation (Aerts and Chapin, 2000). This phosphorus limi- 3 oo R
tation arises from low plant phosphorus availability resultant y/ 2005 f
of high soil organic nitrogen to phosphorus ratios (N : P), low
peats (Page et al., 1999, 2006; Rieley and Page, 2005). When / /
site-specific inputs for soil pH, organic and inorganic nitro- s 1
gen and phosphorus (Table 1), exchangeable Al (12g'Wg
and Fe (21.6 gMgl) were used in our modelling with site- 10° 10° 10° 10° 10° 10° 10° 10' 10° 10° 10° 10° 10° 10° 10° 10° 10° 107
ESS) (Grant etal., 2009), soil solution phosphorus Concemrai:ig. 11. Vertical profile distributions of peat soil aqueous oxygen
tions and hence root phosphorus uptake were forced to verXoncentrations ([@) simulated under hummock surface during
low values. Low plant phosphorus availability and uptake in
shallow (DOY 15, 55, 25 and 55 of 2002, 2003, 2004 and 2005

rus content ¢ 2.5 gkg ! C) during shallow WTD hydrope- 2003, 2004 and 2005 respectively), and deep (DOY 265, 265, 305
riods. Such low plant phosphorus status in our modelling wasand 255 of 2002, 2003, 2004 and 2005 respectively) water table
corroborated by even lower foliar phosphorus contents (0.2-depth (WTD) hydroperiods over a drainage affected tropical peat
1.4gkg ! Cin matured leaves, assuming that 50 % of the dryswamp forest at Palangkaraya, Indonegia, = Michaelis-Menten
tree species growing on our study site. Low foliar phosphorugA17a, C14c) inecosys
contents in 150 tree species of tropical rain forests of Costa
Rica and Brazil was also attributed to low phosphorus avail-
ability for plants growing on highly weathered phosphorus- elling studies (Grant et al., 2012a; Sulman et al., 2012) across

These results from the model are also consistent with those During shallow WTD in rainy seasons, ¢ below the
from Milner (2009) from a transect study on the effect of soil water table was almost zero (Fig. 11) and well below the
fertility on vegetation diversity of a tropical mixed swamp Michaelis-Menten constantk(,) used for microbial, root
forest surrounding our study site. She found a reduction inand mycorrhizal uptake irecosys(Al7a, Cl4c) so that
shallower by only~ 0.10 m. She speculated that the reducedited by [OQyg]. In these layers, DOC oxidation was coupled
tree growth was a result of low nutrient availability caused with DOC reduction by anaerobic heterotrophic fermenters,
by anoxia under shallow WTD. Slow nutrient (phosphorus) which yielded much less energy (4.4 vs. 37.5kJ¢)QA21)
mineralization in wet soils under shallow WTD may have re- than did Q reduction and so resulted in slower microbial
in her study site which supports the nutrient stress theory irever, [¢ above the water table during shallow WTD hy-
our hypothesis 1. Moreover, a reduction in foliar phosphorusdroperiod was well abov&, (Fig. 11) used for simulated
content during the rainy season with respect to mid-wet andmicrobial, root and mycorrhizal £uptake so thaRy, in this
dry seasons was also measured by Townsend et al. (2007) @one was not limited by [&]. Moreover, frequent precipi-
mangroves in Panama, Belize and Florida have shown siglayer moist and maintained optimum heterotrophic micro-
nificant increases in leaf CQassimilation and plant growth  bial concentrations for decomposition (A3, A5) and growth
with phosphorus enrichment indicating phosphorus stresgA15), driving surface CQ flushes. This absence of sup-
to leaf gas exchange under anoxic conditions despite thospression in modelledkRe during shallow WTD hydroperi-
al., 2004, 2006a, b and c). Similar suppression of productiv-or even slight increase in nighttime EC-gap filled £fldixes
ity caused by low nitrogen availability and uptake can alsoduring shallow compared to intermediate WTD hydroperi-
be found in boreal peatlands which are known to be moreods (Fig. 7). Similar absence of suppression in soil respira-
nitrogen than phosphorus limited as reported in experimention during shallow WTD hydroperiods compared to those

pH and high aluminum (Al) and iron (Fe) contents of these &

independent algorithms for soil solute transformations (E1- O, concentrations (g m)

the model was reflected in lower modelled foliar phOSPhO'respectively), intermediate (DOY 135, 160, 195 and 135 of 2002,
matter was C) measured by Tuah et al. (2000) in the dominangonstant (0.064 g m?) for microbial, root and mycorrhizal uptake
deficient tropical soils (Townsend et al., 2007). northern boreal peatlands.

basal area and tree growth in areas where the WTD wa®OC oxidation coupled with @reduction was strongly lim-
duced CQ diffusion and thereby fixation and productivity growth (A25) andRy, (A13) as discussed in Sect. 2.1.2. How-
tropical forest species of Costa Rica. Furthermore, tropicakation throughout this hydroperiod kept the surface residue
species being well adapted to flooding stress (Lovelock ebds can further be corroborated by no significant decrease
tal (Flanagan and Syed, 2011; Sulman et al., 2010) and mod#n intermediate WTD hydroperiods were also measured by
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Sundari et al. (2012) in our study site and Jauhiainen etmodelling hypothesis 2 of improved plant nutrient (phos-
al. (2008) in a nearby drained tropical peatland. phorus) status with improved soil aeration which increased

Shallow WTD during the rainy season thus caused lowerGPP and hence NEP during intermediate WTD hydroperi-
NEP (Figs. 2—6) to be modelled over PDPSF through reduc-ods. Increased GPP with WTD drawdown was also measured
ing GPP due to plant nutrient (phosphorus) stress and hendgy Sulman et al. (2009) and Flanagan and Syed (2011) for
net CQ uptake (Figs. 7-8). This GPP suppression from nu-northern boreal peatlands. However, in those ecosystems, the
trient stress during shallow WTD hydroperiod was well cor- drawdown of WTD could improve plant nitrogen rather than
roborated by EC-gap filled CCrluxes (Fig. 7) (Table 2) as  phosphorus availability and uptake and hence productivity as
well as other biometric measurements (e.g. Townsend et almodelled withecosydy Grant et al. (2012).

2007) and hence validated our hypothesis 1. A deeper aerobic zone and resulting increase ir][@ur-
ing the intermediate WTD hydroperiod in the early dry sea-
4.1.2 Hypothesis 2: WTD and NEP during son (Fig. 11) stimulate®y, (A13, A20) as described above.
early dry seasons However, this increase in deepgp was fully, and some-

times more than fully, offset by decreases in surface and near-

Increased availability of [@] with an intermediate WTD  surfaceRy, caused by near-surface peat desiccation which re-
(0.5-0.8 m below the hollow surface) during the early dry duced microbial access to substrate for decomposition (A15)
season almost entirely met roop @emand and hence facili- (Sect. 2.1.2). This enableztosygo simulate nighttime net
tated more rapid and deeper root growth (C20b) and henc€0, fluxes measured by EC during intermediate WTD hy-
phosphorus uptake (C23b, d, f). Uptake was further stim-droperiods that were similar to or lower than those in shal-
ulated by more rapid mineralization of organic phosphoruslow WTD hydroperiods. This modelling hypothesissioosys
(C23a, c, e) driven by more rapid microbiag Gptake (A17),  was further corroborated by soil G@ffluxes measured with
C oxidation (Al, A2), growth (A25) an®kp (A13, A20) as  surface chambers by Sundari et al. (2012) over our study site
described in Sects. 2.1.2 and 2.1.3. Greater root phosphoruand by Jauhiainen et al. (2008) over a nearby similar site dur-
uptake in turn increasetk :oc in leaves (C11), thereby facil- ing intermediate WTD hydroperiods that were similar to or
itating rapid CQ fixation (C6) and hence GPP as discussedlower than those in shallow WTD hydroperiods. Declines in
in Sect. 2.1.4. Rapid Cgfixation from improved plant phos- Ry due to near surface peat desiccation were also modelled
phorus status was also apparent in larger EC-gap filled downby Dimitrov et al. (2010) and Grant et al. (2012a) by using
ward net CQ fluxes during intermediate WTD hydroperiods the same modetcosysover two contrasting northern boreal
in 2002, 2003 and 2005 (Fig. 7). Rapid gfixation due to  peatlands.
improved plant phosphorus status can further be corroborated Intermediate WTD during the early dry season thus caused
by lower measured and modellgdesulting from greategs higher NEP (Figs. 2—6) over PDPSF by a combination
as described in our concurrent paper on modelling WTD ef-of increased GPP and unchanged or slightly decre&ed
fects on surface energy exchange over PDPSF (Mezbahuddiffrigs. 7—8). This trend of increased GPP with improved nu-
etal., 2014). trient (phosphorus) status and unchangedue to offsetting

Foliar phosphorus content was reported as a good indieffects of surface vs. deep respiration was well corroborated
cator of soil phosphorus availability in many studies (e.g. by EC-gap filled CQ fluxes (Fig. 7) (Table 2) and other field
Aerts and Chapin, 2000; Townsend et al., 2007). Modelledmeasurements in our study site and in similar ecosystems and
foliar phosphorus content increased fren2.5gkg® C in hence validated our hypothesis 2.
the wet season te 3gkg™! C in the early dry season indi-
cating increased soil phosphorus availability and subsequert.1.3 Hypothesis 3: WTD and NEP during late
increased plant phosphorus uptake in the early dry season dry seasons
with intermediate WTD. This increase in modelled foliar
phosphorus content by 20 % from rainy to early dry sea- GPP during the late dry season with deep WTD (>1.0m
son was consistent with a 25 % increase in foliar phosphobelow the hollow surface) was limited not by plant nutri-
rus content from wet to mid-wet and dry seasons measureént status but by plant water stress. Inadequate recharge of
by Townsend et al. (2007) in tropical forest species of Costanear surface peat layers through a combination of less pre-
Rica. Similarly, higher foliar phosphorus content modelled in cipitation and slow capillary rise (D9a) during this hydrope-
the drained simulation§ 3gkg! C) than in the undrained riod reduced/s and increase€s (B9) in those layers where
simulation ¢ 2.5gkg! C) during this hydroperiod raised most of the plant roots were located (Mezbahuddin et al.,
GPP, further indicating improved phosphorus status due t®014). These changes in turn forced higkerB10), lower
deeper WTD (Table 4). Increased productivity resulting from v, ¢, ¥t (B4) andgs (B2b) (Mezbahuddin et al., 2014) and
improved nutrient (phosphorus) availability with WTD draw- hence slower Cediffusion (C6) through stomata and conse-
down has been found in field studies for Indonesian peatquently less GPP (Sect. 2.1.4). GPP suppression due to plant
lands (Milner, 2009), and Florida everglades wetlands (Sahavater stress can further be corroborated by higher measured
et al., 2010). These field measurements further support ouand modelled3 resulting from lowergs as described in our

Biogeosciences, 11, 57399, 2014 www.biogeosciences.net/11/577/2014/



M. Mezbahuddin et al.: Modelling WTD effects on tropical peatland net CO, exchange 593

concurrent paper on modelling WTD effects on surface en-porosity for soil respiration not to be suppressed (Fig. 1).
ergy exchange over PDPSF (Mezbahuddin et al., 2014). ReMoreover, wet surface residue from frequent rainfall caused
ductions in GPP resultant of plant water stress can also béarge flushes of modelled residue g6éXffluxes during rainy
corroborated by reductions in latent heat fluxes and conseseasons which were also apparentin soil respiration measure-
quent increases ifgduring the late dry seasons as reported ments by Sundari et al. (2012) at our study site. However,
by Hirano et al. (2005) for our study site. despite a similar rise iA measured vs. modelled in the top
Deeper peat respiration during the deep WTD hydroperiod0.2 m, gap-filled CQ effluxes were much smaller than the
greatly increased due to abundang{[dn the deeper aerobic modelled CQ effluxes during the rainy season (Fig. 1). Such
zone (Fig. 11) and resulting rapid microbial Gptake (A17),  smaller gap-filled vs. modelled nighttime NEP (Fig. 1) was
C oxidation (A1, A2), growth (A25) anR, (A13, A20) consistent throughout the rainy seasons (November—April) of
as discussed in Sect. 2.1.2. This increase in deBpavas  2002—-2005 as indicated by a slope of 1.24 from a regression
greater than the reduction in surface and near-surface microef modelled on gap-filled net Ciluxes ¢ = 13218). How-
bial respiration due to desiccation as discussed in Sect. 4.1.2ver, a slope of 0.98 from regression of modelled on EC-
which led to a net increase iRe during this hydroperiod. measured C®fluxes @ = 4464) for the same hydroperiods
This modelling hypothesis was further corroborated by largerindicated better model agreement with EC-measured fluxes.
soil CO, effluxes measured by Sundari et al. (2012) over ourSince 75 % of the total hourly Gfluxes during rainy sea-
study site during the deep WTD hydroperiod than during thesons of 2002—-2005 were gap-filled, larger modelled vs. gap-
rest of the year. Cai et al. (2010) also measured a stimulatiofilled CO, fluxes during these hydroperiods could largely
of respiration over a northern boreal peatland with deepeningontribute to larger modelled vs. EC-derived annRaland
of WTD. hence lower modelled vs. EC-gap filled annual NEP esti-
Deep WTD during the late dry season thus caused lowemates (Table 3).
NEP (Figs. 2—6) by a combination of reduced GPP and in- Systematic uncertainties embedded in EC methodology
creasedRe (Figs. 7-8). This trend of decreased GPP due towere also thought to contribute to larger modelled vs. EC-
plant water stress and increaskgdue to enhanced deeper derived monthly and annudle estimates (Fig. 8) (Table 3).
peat respiration during deep WTD hydroperiods was wellNighttime EC NEP decreased witt below 0.3ms L in our
corroborated by EC-gap filled GOluxes (Fig. 7) (Table 2)  study site (Hirano et al., 2007) indicating the dependence of
as well as by other field measurements over same site or simiighttime CQ flux measurements on above-canopy turbu-
ilar ecosystems and hence validated our hypothesis 3. lent mixing (Miller et al., 2004). However, biological produc-
tion of CO, by plant and microbial respiration was indepen-
4.2 Modelling WTD effects on annual tropical peatland ~ dent ofu* in the model. Possible underestimation of night-

C balance time NEP resultant of uncertainty related to letthreshold
can be as large as 45% of nighttime CQ fluxes estimated
4.2.1 Differences in annual EC-derived vs. modelled by Miller et al. (2004) for an Amazonian rainforest which
NEP, Re and GPP would further contribute to larger modelled vs. EC-derived

Re estimates.
Modelled annual NEP was considerably lower than the EC- Larger modelled vs. gap-filleke contributed to larger
gap filled annual NEP in 2003 and 2004 (Table 3). Thesemodelled vs. gap-filled annual GPP (Fig. 8) (Table 3). In
lower NEP estimates were mainly attributed to larger mod-EC datasets, GPP was derived from extrapolated daytime
elled vs. gap-filledRe predominantly in the rainy seasons Re (Sect. 2.2.2) and hence smaller gap-filled vs. modelled
(Fig. 1) which was consistent throughout the study periodnighttime Re would cause smaller EC-derived GPP. A further
and yielded larger slopes from modelled vs. gap-filled netcause of smaller EC-derived vs. modelled GPP could have
CO; flux regressions (Table 2). During the rainy seasonsbeen the incomplete~(80 %) energy balance closure in EC
throughout the study period, modelled water table never roseneasurements (Wilson et al., 2002) vs. complete energy bal-
above the hollow surface leaving the top 0.05m of hollow ance closure in the model, which would reduce EC-derived
and the entire hummock unsaturated even when the WTLET and also possibly GPP (Table 3).
was the shallowest (Figs. 2-5). This trend was consistent Apart from above mentioned systematic errors, random
with the observed daily WTDs (Figs. 4-5). Total porosity errors in EC measurements and gap filling could also con-
for the top 0.2 m of the modelled peat was 0.89 calculatedribute to divergence between modelled and EC-gap filled
from bulk density provided to the model (Mezbahuddin et al., annual NEP estimates. Hirano et al. (2012) estimated an un-
2014), consistent with field measurements in similar drainedcertainty of aboutt25gCnt2yr—1 in NEP estimates re-
tropical peatlands (Couwenberg and Hooijer, 2013; Hooijersultant of random errors in EC measurements and gap fill-
et al., 2012; Jauhiainen et al., 2012b; Takakai et al., 2006)ing during 2002—2008 over our study site. Continuous data
Therefore, whe® in the top 0.2 m rose frony 0.22 m? m—3 gaps due to instrumental failure can induce additional un-
in the dry seasons to just above 0.39mn 2 in the rainy sea-  certainty in EC-gap filled annual NEP estimates. Richardson
sons, near surface peat in the model still had enough air fillednd Hollinger (2007) estimated an additional uncertainty of
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+30gCnT2yr-1in NEP estimates for a week long gap in gaps during calm night hours. Annual GPP aRglaggre-
flux data over a range of forested FLUXNET sites. Addi- gates for different partitioning methods in their study also
tional uncertainties in EC-gap filled NEP estimates due to ervaried abruptly for a Mediterranean site indicating spatial
rors in filling continuous data gaps, however, were not quan-ariability of partitioning method induced variation in an-
tified for the EC-gap filled NEP datasets used in our study.nual GPP andR. estimates. Moreover, artificially created
Such uncertainties could be substantial in EC-gap filled NERdata gaps of 10 % of total half-hourly net @@uxes in a year
estimates used in our study due to the presence of very longnparted additional 6—7 % variability in annual GPP atd
continuous data gaps (e.g. 11-22 November 2002, 3—-31 Jamggregates in their study. These artificially created data gaps
uary 2003, 29 March—22 May 2003, 24 June—26 July 2003also contributed to a variability of £25gCTAyr~1 in an-
and 14 September to 9 October 2004) resultant of instrunual NEP estimated for 15 different gap filling techniques
mental failures. Positive uncertainties due to above men{Moffat et al., 2007). Above mentioned partitioning method
tioned random errors could further contribute to larger EC-induced variations in annual GPP aRd aggregates as esti-
gap filled vs. modelled annual NEP, and hence smaller ECmated by Desai et al. (2008) could be more substantial over
derived vs. modelled annu&k and GPP estimates. the drainage affected tropical peat swamp forest under this
All of these above mentioned sources of larger modelledstudy due to longer growing season (i.e. tropical evergreen
vs. EC-derivedR. and GPP estimates were related to EC vs. temperate winter deciduous phenology) and larger soil
methodology and gap filling. These discrepancies betweerCO, effluxes (i.e. tropical drained peat soils vs. temperate
modelled and EC-derivete and GPP aggregates, however, mineral soils).
could not be resolved in our modelling since, unlike EC We did not, however, examine whether a partitioning
datasets, every single mole of @@hat was modelled from method other than the one used in this study (Sect. 2.2.2)
fundamental ecosystem processes was counted in the modeuld produce better agreement between modelled and EC-
elled C budget. derived annual GPP ang. aggregates. Inclusion of such a
substantial study could obscure our main objective of por-
4.2.2 Differences in annual WTD effects on EC-derived traying mechanistic relationships between seasonal variation
vs. modelled GPP andRe in WTD and that in NEP which has been adequately corrob-
orated by the regression analyses between hourly modelled
At an annual time scale, reductions in both GPP Rgpaith vs. EC measured net ecosystemdlDxes (Table 2). How-
a gradually shallower WTD from 2002 to 2005 @tosys ever, comparing different flux partitioning methods along
were not corroborated by changes in GPP Ragartitioned  with sophisticated ecosystem modelling is likely to direct
from EC-gap filled net CQ@fluxes by Hirano et al. (2007) a separate future research that would offer increased confi-
(Sect. 2.2.2) (Table 3) although monthly partitioned GPPdence in annual GPP arit} estimates over tropical peatland
and Re showed the similar seasonal trends as those modecosystems.
elled (Fig. 8). Accumulation of above-mentioned discrepan- Despite the above mentioned divergence between mod-
cies between modelled and EC-gap filled fluxes (Sect. 4.2.1¢lled vs. EC-derivedke and GPP estimates, components of
over a larger time scale (e.g. from monthly to annual) ob-modelled annual C balance were comparable with biometric
scured the agreement between the modelled and EC-gameasurements and estimations from other studies on similar
filled trends in WTD effects on annual GPP aRd. Fur- ecosystems. Modelled net primary productivity (NPP) was
thermore, as opposed to EC-derivRgthat was used to cal- comparable with values estimated for Amazonian rainforests
culate EC-derived GPP, modellgtt (Ra+ Rp) was driven  and oil palm plantations in tropical peatlands (Table 3). Mod-
by modelled GPP thereby contributing to deviation betweenelled R, was comparable witlR,, measured for a mature
WTD effects on modelled vs. EC-derived annual GPP andAcaciaplantation on drained Indonesian peatlands (Table 3).
Re. Modelled R5 was directly dependent on fixed C products
during photosynthesis. Modellegl, was also dependent on 4.3 Effects of WTD on modelled annual C balance in
fixed C products in a diurnal time scale through root exudates drained vs. undrained simulation
as well as in a seasonal time scale through above and below
ground litter fall. Reduced WTD by an average of0.5m resulted in an in-
Difference in flux partitioning methods may also produce creased mean NEP by 270 g Cfryr—1 in undrained simula-
variable agreements between modelled and EC-derived artion compared to that in drained simulation over 2002—2005
nual GPP andke aggregates. Desai et al. (2008) found a vari- (Table 4). This modelled trend was corroborated by measure-
ability of ~ 10 9% in annual GPP anfl; estimates for 23 dif- ments of Hirano et al. (2012) who found a larger mean NEP
ferent flux partitioning methods over six European temper-by ~153gCm2yr—1 in a nearby undrained peat swamp
ate forest. This difference was comparable to typical inter-forest than that in our drainage affected peat swamp forest
annual variability in GPP an#te over those sites. They also site over 2004-2008. This increase in NEP in undrained sim-
reported higher variability among those partitioning meth- ulation was modelled through greater suppressiorig@id
ods in estimating nighttime&, that arose from frequent data Ry, than of GPP with reduced WTD (Table 4).
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Apart from net vertical CQ@ exchange, drainage of trop- 5 Conclusions

ical peatlands can also trigger substantial C losses through

lateral transport of dissolved organic C (DOC). Moore et Ecosyssuccessfully simulated the reduction of tropical peat-
al. (2013) measured a drainage-induced additional C los$nd NEP during shallow and deep WTD hydroperiods with
of 20g C nT2yr~1 through the export of DOC in our study respect to those in intermediate WTD hydroperiods for four
area. We, however, simulated a negligible additional increas&ears, i.e. 2002—2005 over PDPSF (Figs. 2-5) (Table 2). Re-

in C losses through export of DOC (1-2g Cfyr—1) due

duction of NEP during shallow WTD was modelled mainly

to drainage in this modelling study. Since transport of DOC through reduced GPP and that during deep WTD hydrope-
heavily depends upon total amount of catchment dischargéiods was modelled by a combination of reduced GPP and
(Moore et al., 2013) this discrepancy between our point scaléncreasedRe (Figs. 6-8). Seasonal variation in NEP that was
study and their watershed scale measurements on DOC trangpparent in the measurements was thought to be caused by
port is reasonable. However, up scaling our modelling to wa-the following key responses that were modelled using fol-
tershed scale might be a potential opportunity to examine thdowing alogrithms of WTD effects on GPP aiyg from basic
effects of drainage on C losses through export of DOC inindependent research fed by site specific inputs (Sect. 2.2.3):

drained tropical peatlands.

Even in the undrained simulation, NEP for 2002—2004 in-
dicated substantial C losses from PDPSF (Table 4). Simi-
larly large C losses were estimated from EC-gap filled NEP
during 2004—2007 by Hirano et al. (2012) over a nearby sim-
ilar undrained peat swamp forest. They also predicted from a
simple linear regression analysis of NEP on WTD that main-
taining a mean annual WTD within 0.03 m below the hollow
surface could bring the undrained peatland ecosystem to C
neutrality. In line with their simple prediction, a much more
sophisticated process-based undrained simulatioecbgys
in our study resulted in a near C neutral NEP during the
wettest year 2005 with a mean annual WTD of 0.10 m above
the hollow surface (Table 4).

C losses modelled in the undrained simulation and ob-
served in the undrained peat swamp forest, however, may
be a recent phenomenon since a long term apparent C ac-
cumulation study showed that Central Kalimantan peatlands
have been accumulating C at a rate of 31gCyr—1 for
last ~ 12000 yr (Dommain et al., 2011) and that the peat-
lands around our study site have been accumulating C at
a rate of 56 gCm?yr—1 for last ~20000yr (Page et al.,
2004). One of the main reasons behind the modelled negative
NEP even in the undrained simulation may be that the pre-
cipitation within our study period (2002—-2005) was less than
the long-term average, which led to deeper WTD than the

1. Shallow WTD during rainy seasons reduced mod-

elled NEP by explicitly simulating slower convective-
dispersive @ transport through soils and roots and
hence slower root © uptake, slower soil nutrient
(phosphorus) transformations (A26), slower root nutri-
ent (phosphorus) uptake and growth (C23), and conse-
qguently lower leaf nutrient (phosphorus) status (C11)
and slower CQfixation (C6) (Sect. 4.1.1).

. WTD drawdown during early and late dry seasons in

the model increased deeper peat respiration due to bet-
ter aeration by explicitly simulating higher §¢} (A17)

from more rapid @ transport through soils, and hence
more rapid microbial and root oxidation-reduction re-
actions (A3, A5), greater microbial Quptake and en-
ergy yields (A20) driving more rapid microbial growth
(A25) and respiration (A13, Al14, A20) (Sects. 4.1.2.
and 4.1.3).

. Deeper WTD during late dry seasons in the model

reduced NEP through plant water stress by explicitly
simulating declines irgs and their effects on CgXix-
ation from hydraulically driven water transport along
soil-plant-atmosphere water potential gradients (B1—
B14) (Sect. 4.1.3).

long-term mean. The wettest year in our study period (2005)Though our modelling effort reasonably well simulated sea-
experienced a total annual precipitation which was consid-sonal WTD effects on NEP over PDPSF, the modelled GPP

ered as “normal” annual precipitation (2570 mm¥y mea-

and R. aggregates were systematically larger than the EC-

sured over Indonesian Borneo during 1994-2004 (Takahashierived estimates (Fig. 8) (Table 3). The possible reasons for
etal., 2004). The year 1999 was the wettest within their meathese discrepancies are discussed in Sect. 4.2. Despite the
surement period with an annual precipitation of 3788 mmmodelled vs. EC-derived divergence in monthly and annual
that caused the water table to remain above the grounde and GPP aggregates, this study showed for the first time
throughout the year (Wosten et al., 2008). This speculatiorthe application of a detailed process based model in gain-
of large C losses due to reduced precipitation and consequeitg insights on nonlinear relationships between WTD and
deeper WTD in recent years can be further corroborated byet ecosystem Cfexchange of tropical peatlands, as rec-
the cessation of Central Kalimantan peat growth during lasommended by Murdiyarso et al. (2010). The findings of this
~ 5000 yr as reported by Dommain et al. (2011) due to WTD study showed that the duration and intensity of the dry season
drawdowns caused by increased El Nifio frequency and inwith deeper WTD had profound effects on tropical peatland
tensity. CO, emissions irrespective of disturbance (e.g. drainage).
This has an important implication in terms of the fate of
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tropical peatland C storage under future climate change sceBrock, T. D. and Madigan, M. T.: Biology of Microorganisms, 6th
narios since Li et al. (2007) predicted a general drying trend edition, Prentice Hall, NJ, 1991.
and consequent WTD drawdown over Southeast Asian peatCai, T., Flanagan, L. B., and Syed, K. H.: Warmer and drier con-
lands during this century using 11 land surface models. ditions stimulate respiration more than photosynthesis in a bo-
Moreover, the response of tropical peatland,G@change r%"’(‘j‘ peatland ecosystem: analysnsF,) IOf aétol?wgtlc_ cham;;rss gi”d
. : . . eday covariance measurements, ant Ce nviron., , —
o b (00, dranage) s lso IeSaIod By Y Lo o L3115 5080 256802810
. ) : ) ) "Chambers, J. Q., Tribuzy, E. S., Toledo, L. C., Crispim, B. F.,
Insights ga.lned from.our modelling effort thus can IMProve i chi, N., Dos Santos, J., Aradjo, A. C., Kruijt, B., Nobre,
our predictive capacity for the effects of WTD fluctuations A 'p. and Trumbore, S. E.: Respiration from a tropical forest
arising from interactions between seasonality in precipitation  ecosystem: partitioning of sources and low carbon use efficiency,
and artificial drainage on tropical peatland C balance. Ecol. Appl., 14, 72-88, dal0.1890/01-601,2004.

Our point scale modelling reasonably delineated WTD ef-Couwenberg, J. and Hooijer, A.: Towards robust subsidence-based
fects on NEP over a homogeneous patch of drainage affected soil carbon emission factors for peat soils in south-east Asia, with
tropical peat swamp forest in terms of plant functional type special reference to oil palm plantations, Mires Peat, 12, 1-1-1-
(PFT) (i.e. tropical evergreen vascular vegetation) and land_ 12 http://www.mires-and-peat.netSSN 1819-754X, 2013.
use (i.e. drained forest). However, this modelling can be upceuwenberg, J., Dommain, R., and Joosten, H.: Greenhouse gas
scaled to an ecosystem level by model inputs of weather fluxes from tropical peatlands in south-east Asia, Glob. Change

data (Sect. 2.2.3); soil physical, hydrological, chemical and Eggé 16, 1715-1732, ddl0.1111/j.1365-2486.2009.02016.x

biological properties (Sect. 2.2.3) (Table 1) (MezbahuddinDesai, A. R., Richardson, A. D., Moffat, A. M., Kattge, J.,
et al., 2014); PFT (e.g. moss vs. vascular plants, evergreen Hollinger, D. Y. Barr, A., Falge, E., Noormets, A., Papale, D.,
vs. deciduous); and disturbance (e.g. drainage as discussed inReichstein, M., and Stauch, V. J.: Cross-site evaluation of eddy
Sect. 2.2.6, fire, logging etc.) representing a particular peat- covariance GPP and RE decomposition techniques, Agr. Forest
land ecosystem. Such up scaling studies over tropical peat- Meteorol., 148, 821-838, ddi0.1016/j.agrformet.2007.11.012
lands could provide us with improved predictive capacity on  2008.

management opportunities (e.g. undrained vs. drained, rePimitrov, D. D., Grant, R. F., Lafleur, P. M., and Humphreys, E.
forestation/afforestation vs. deforestation, unburnt vs. burnt) R.: Modelling subsurface hydrology of Mer Bleue bog, Soil Sci.
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