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Abstract

The tropical forests on the island of Borneo are among of the richest in the world in terms
of tree diversity, and their capacity to store a largerveseof carbon. The Southeast
Asian forests are damentally different from Neotropical and African forests, with their
singlefamily dominance by dipterocarp trees, and with inherently greater stature and
biomass. The carbon productivity and allocation in Asian tropical forests is still poorly
quantified, and their responses to environmental drivers are still poorly understood. Almost
all recent advances in tropical forest carbon cycling research have occurred in the
Neotropics, with very few studies in Asia. The principal aim of this thesis is to tyudnai
carbon budget of a lowland dipterocarp forest in the Lambir Hills National Park, Miri,
Sarawak, Malaysian Borneo. | examined and explored the productivity and carbon cycling
processes and their responses to environmental factors across two majontasting

soil types, in particular the clay and sandy loam soils. | recorded and analysed the Net
Primary Productivity (NPP) and respiration for the abarmed belowground components,

and observed the responses to seasonal variation and envirorunigetal

Total soil respiration was relatively high and contributed a great deal to ecosystem
respiration. Variation in soil respiration rates appeared closely related to soil moisture
content. | found a strong diurnal cycle in soil respiration. On ttsis k@t the first soll
carbon dioxide (C@ efflux partitioning study undertaken in a tropical forest, the diurnal
cycle in total soil respiration appeared to be entirely driven by the diurnal cycle in litter

respiration, and in turn litter is strongly caited by moisture.

There was little seasonal variation in allocation of net primary productivity (NPP),
but there was evidence showing potential vatenual variability for several components

of NPP. Further, the allocation of NPP showed a strong salasbift between the forest

10



plots on clay and sandy loam soils. Combining all the data measured and obtained in this
D.Phil. thesis, the overall carbon budget assessed in this lowland dipterocarp forest showed
a high level of agreement with other studieg\sia using micrometeorological techniques

and the situation appears to be comparable to tropical forests in Amazonia. The key
difference is that the aboveground NPP is higher and is the largest component contributing
to the overall carbon budget, withlagvely higher carbon use efficiency (CUE). The
lowland dipterocarp forest in Lambir shows higher allocation in the agouend NPP,

and there were also differences in NPP and its allocation between sandy andhclay

plots.
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Chapter 1




Chapter 1: Introduction

1.1.The Terrestrial Carbon Cycle
The terrestrial biosphere plays a crucial role in the global carbon cycle. Changes in
climate, land use and atmospheric chemistry can significantly influence biophysical
interactions and biogeochemical exchanges with the atmosfiPessticeet al, 2000)
hence also affecting the potential feedback to terrestrial ecosystems. The terrestrial
ecosystems constitute large reservoirs of exchangeable carlapproximately 2,200
Petagrams (Pg) C, which are mainly stored in vegetation (~30%) and soils (~70%)
(Saugieret al 2001) A recent estimate of the net terrestrial biosphere exchange between
land and atmosphere was abe0t9 + 0.6 Pg C yt between 2000 and 2008hich
suggestsa net uptake of atmospheric carbon dioxide {Cly the terrestrial ecosystem
(Denmanet al, 2007) Despite decades of losigrm observational records, there remain
significant uncertainties in regard to predicting the kergn responseof the terrestrial
carbon cycle to global environmental char{@ehimel, 2007; Heimann and Rbkstein,
2008) and the contribution of key ecological processes to the terrestrial carbon sink

(Canadelkt al, 2000; Schimegét al, 2001)

Tropical forests in particular play an important role in regional and global
biogeochemical cycles and regulatee tolimate. Tropical forest ecosystems contain
approximately 471 + 93 Pg C or 55% of terrestrial carbon stqageet al, 2011) In
Asia, tropical forestcover between 30% and 45%tbe tropical land aredAchardet al,

2002; Acharcet al, 2004; Hanenet al, 2010) with ~36.7 x 1&ha of extant forest area in
Borneo (Miettinen et al, 2011) At the same time, deforestation and forest degradation
contributed 1.30 + 0.24 Pg Cyito the atmosphere between 2000 and 2@®8, about

47% of these emissions were from tropical A8falhi, 2010) As anthropogenic pressure

to clear land for agriculture continues to change land use and forest cover in the tropical

12



region, the carbon cycling of terrestrial ecosystems is expdaoteshift and could
significantly affect the atmospheric G@oncentration, and hence the global climate. In
addition, analyss of climatic trends in tropical forest regions showed substantial-inter
annual climate variability, primarily driven by the El Nifouthern Oscillation (ENSO)
(Malhi and Wright, 2004)corresponding to enhanced rates of globa} @§2 during El
Nifilo years(Timmermannet al, 1999) For instance, the intense ENSO event of 1997
1998(Webster and Palmer, 199duced the longest amhe of the most severe droughts
recorded in nortlwestern Borneo. Such periodic shtatm droughts have substantially
increased plant mortalityBecker et al. 1998; Nakagawaet al 2000), altered plant
phenology (Harrison, 2000; Harrison, 2001; Potts,03), andoften caused high fire
incidence in lowland tropical fores{®Nykvist, 1996; Toma, 1999). These disturbances

may potentially influence the biogeochemical cycles and atmosphegicd@entrations.

There is now a considerable body of evidencewamg that the dynamics and
biomass of tropical forests are responding to contemporary atmospheric change and
climate variability (Grace and Rayment, 2000; Malhi and Phillips, 2004; Malhi and
Wright, 2004; Lewiset al, 2009a; Hectoet al, 2011) Thechanging ecology of tropical
forests may be attributed to atmospheric ,C&ncentration, nutrient deposition,
temperature, drought, and solar irradiaficleyd and Farquhar, 1996; Post al, 1997;
Grahamet al, 2003; Nemanét al, 2003; Coxet al, 2004; Cowling and Shin, 2006Yhe
old-growth tropical forests are showing evidence of accelerating dynamics and increasing
biomasgPhillips and Gentry, 1994; Baket al, 2004; Phillipset al, 2004; Chavet al,

2008) A recent study showed that tropidatest trees in research plots in Southeast Asia
increased in both forest biomass and net primary productivity (NEHgveet al, 2008)

On the other hand, there is a possibility that trees may be responding to environmental

13



changes through shifts inlatation of carbon from stem growth to other pathw@srtis

and Wang, 1998; LaDeau and Clark, 2001; Leatial, 2004; Metcalfeet al., 2010)

The tropical forests on the island of Borneo are the most diverse terrestrial
ecosystem on Earth. The webjiical forests of this region are mainly dominated by
dipterocarp species and they are characterised by high-gbmwed biomas§Andersonet
al., 1983; Proctoet al, 1983; Yamakura&t al, 1986; Yamakurat al, 1996; Paolet al,

2008; Sliket al, 2010). However, carbon cycling in Southeast Asian tropical forests has
received little attention since the inception of the International Biological Programme
(IBP) in 1970(Soepadmo and Kira, 1977; Kira, 198ad remains poorly understood.
Despite importat early work in the 1970s in Pasoh Forest Reserve, Peninsular Malaysia,
most recent advances in our understanding of forest carbon dynamics have mainly come
from sites in Amazonia (Clar&t al, 2001b; Chamberst al, 2004; Aragacet al., 2009;

Malhi etal., 2009; Malhiet al, 2011). For this reason, my D.Phil. research study sets out
to focus on exploring the carbon cycle in a lowland dipterocarp forest in Borneo and to
evaluate the differences with similar sieglin tropical forest elsewhere. Discamngithe
carbon cycle of tropical forests in this region is very valuable to better understand how this
ecosystem contributes to the total biospheric carbon cycle and may influence global

environmental change.
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1.2 Literature Review
1.2.1. Lowland Dipterocarp Forest

The third largest block of tropical forest (after Amazonia and the Congo Basin) lies in the
eastern tropicgMayaux et al, 2005) Located mainly in the countries of Malaysia and
Indonesia, this is also known as the Malesian redRichards, 1952Ashton, 1964;
Whitmore, 1984) In this region, the Malesian forests encompass most of Peninsular
Malaysia, Borneo, Sumatra, Java, and the Philipp{Astton, 1964; Whitmore, 1984)
The climate is typically wet every month, with no regular annual dry seé@sean
monthly precipitation less than 100 mm). The aseasonal lowland Malesian forest is
exceptionally diverse in species and ger{@&shton, 1964; Whitmore, 1984Distinctively
different from any tropical forest elsewhere, Malesian forest is largelyindd®d by a
single tree familyi the Dipterocarpaceg@shton, 1982)The dipterocarp family accounts
for approximately 10% of all tree species and 80% of all emergent individuals in a typical

lowland forest{Ashton, 1982)

In Borneo, the lowland dipterocarp forests have been described as the richest tree
communities in the Old Worl@WVhitmore, 1984; Ashton, 2005; Ashton, 2009ne of the
most weltdocumented floristic composition studies is from Lambir, Sarawak, with 1,192
species from 288 genefaeeet al, 2002) This high level of species diversity is typically
aggregated on deep soils with relatively low nutrient stédshiton, 1998; Pottet al,
2002; Davieset al, 2005; Paoliet al, 2006) The lofty and dense digrocarp forest
typically constitutes tall trees of greater stature than tropical forest elsewhere. Trees may
reach a height of up to ¥80 m and occur in groug&shton, 1982) A unique feature of
dipterocarp forest is the phenomenon of mass floweringoweld by mast fruiting
(Foxworthy, 1932; Medway, 1972; Janzen, 1974; Ashton, 1989; Kelly, 19649

irregular phenomenon occurs at intervals of between two and 10 years, and takes place
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when simultaneous flowering takes place among most species of dgfe@nd several
other canopy tree familiegoxworthy, 1932; Chan and Appanah, 1980; Ashtoral,

1988; Appanah, 1993; Saketial, 1999; Numatat al, 2003; Sakaet al, 2006)

1.2.2. Tropical Forest and the Carbon Cycle
The carbon cycle is an important biogeochemical cycle that involves the movement and
exchange of carbon between the biosphere and organisms. The processes of photosynthesis
and respiration are the basis of the carbon cycle. Photosynthesis is a metaoebs pry
which plants, algae and photosynthetic bacteria utilise solar energy a@@fifxom the

atmosphere to produce carbohydrate and oxygen. The overall chemical reaction is:

unl i

ht
6H,0 +6C0O, 4l CeH; Dg + 60, (Eq. 1.1)

where [CH,O] represents carbohydrate. In the presence of the light energy, water
molecules are split. When water breaks up, it releases oxygen, electrons and protons.
Oxygen is used by the mitochondria for respiration and the remainder is respired to the
atmosphereThe energetic electrons and protons are combined @@k to produce
carbohydrate (e.g. glucose). Carbohydrate produced in plants is stored as energy and
biomass (i.e. leaves, stems, roots), which are essential for metabolism. The C&e of
uptake in phtosynthesis is defined as gross primary productivity (GPP). At a global scale,
the highest GPP in natural ecosystems is found in tropical biomes, and averages 35.5 + 1.6
Mg C ha' yr* (Luyssaeret al, 2007). In a recent review, the mean GPP has beertedp

at 29.9 + 5.9 Mg C hhyr’ (mean * standard deviation) across six tropical forests sites

(Viccaet al, 2012).

16



At the same time, plants retur80O, to the atmosphere via respiration. In
respiration, carbohydrate is oxidised and converted (photaagshhback into energy for
growth, reproduction, maintenance, and other vital metabolic functions. Photosynthates are
combined with oxygen to produce energy and water, and rel@@seback to the
atmosphere. This process in plants is defined as autotngsmiration Ry). R, contributes
approximately 23.2 + 1.4 Mg C far™ across tropical biomes (Luyssaettal, 2007).

Hence, the remaining photosynthates in plants are allocated for biomass production, also

termed as the NPP.

1.23. Tr opi c al NetPoimaeyFrodudivity
Carbon enters terrestrial ecosystems solely through photosynthesis and is returned to the
atmospherethrough a variety of respiration processes. The difference between
photosynthesis and plant respirationrRarepresents the potential NPP. Hence, NPP is the

difference between GPP and total plant respiratidr,or

NPP=GPPi R, (Eg. 1.2)

Moreover, NPP is the rate of biomass construction or gains in organic structures
such as wood, leaves, root tissuand some poorly described NPP components, such as
root exudates production and volatile organic compounds release. These components of
NPP primarily determine the magnitude and turnover of carbon and nutrient cycles in

terrestrial ecosystems.

Terrestrih NPP is among the most important ecosystem variable in the global
carbon cycle and the main driving force of ecological processes. It has been the subject of

long and extensive studies in various major ecosys(évh#taker 1970) The net sources
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and sinls of terrestrial biosphereavebeen estimated using several methods that include
integration of field measuremen(@/hittaker and Likens, 1973; Ajtagt al, 1979; Royet

al., 2001) a combination of models for remote sensing (Mekflal, 1993; Dixonet al,

1994; Ruimyet al, 1994; Prince and Goward, 1995; Schimel, 1995; Fe¢ldl, 1998;

Brown and Schroeder, 1999; Jobbagy and Jackson, 2000; Knorr and Heimann, 2001;
Goodaleet al, 2002; Houghton, 2003), observation of atmospherig €f0a(Tanset al.

1990; Jacobsoat al. 2007; Stephenst al 2007) and isotopic analys€€iaiset al 1995;

Rayneret al. 1999)

In Southeast Asia, the earliest detailed studies of NPP eeer@ucted in Pasoh,
Peninsular Malaysia (a lowland dipterocarp forest) &ttho Chong, Thailand (an
evergreen seasonal forest), with multiple independent methods over a few selected plots
that included the summation or harvesting metfi€ida et al, 1967; Ogincet al, 1967;

Kira, 1978) the canopy photosynthesis meth@dra, 1978), the micrometeorological or
energy balance approa¢hoki et al 1975) Summing all biomass components directly
measured and quantified following destructive felling involves a laborious process and
often introduces large errors in estimat{@tark et al., 2001a) The canopy photosynthesis
method is calculated from the photosynthdigist curve within a single dagAoki et al,

1975; Kira, 1978) Recently, a growing number of studies have focused on the
micrometeorological method, particularly thedgdcovariance technique, in order to
determine net ecosysteexchangeand GPRe.g. Mizoguchiet al, 2008) However, this
technique requires validation from a bottoym approach such as the summation or

integration method.

The integration method repeatedly measures biomass components over time and
employs allometric equations to calculate various components of NPP without the need to

destructively harvest plants. In addition, letegm changes can be monitored on the same
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study site. Hence, the integration method, as employed in my D.Phil. study, potentially
provides a suitably lontgerm and reliably consistent methodological approach. Moreover,
employing proper correction to calculations and propagating plausible erronscnegse

the accuracy in estimating total NPP.

Tropical forest NPP has been estimated to contribute between 32% and 43% of the
global terrestrial NPRMelillo et al, 1993; Fieldet al, 1998) Following recent reviews of
NPP studies in tropical forests,PR in tropical forests has been estimated to range
between #17 Mg C h& yr* (Graceet al, 2001; Clarket al, 2001b; Malhiet al, 2011)
Early estimates of productivity at various tropical forest S¢NESCO, 1978; Medina
and Klinge, 1983were ofte limited to aboveground production (woody growth and
litterfall) with fewer estimates of beloground productior{Clark et al, 2001b) Hence,
the missing NPP components and the lack of NPP data across tropical forest sites are the

major sources of unaainty in NPP estimatg€lark et al, 2001b; Malhiet al,, 2011)

NPP studies are relatively scarce in Asian tropical forests, and the available NPP
data shows substantial variation across various vegetation types and methods applied (see
Table 1.1). Taal NPP from models and micrometeorological techniques exhibit slightly
higher values than summation or integrated methods. For example, there appears to be an
overestimate from Pasoh when total NPP was estimated using the micrometeorological
technique andcalculated from the photosynthes$ight curve within a single day of
observation (Kira, 1978) However, t should also be noted that the current eddy
covariance technique may generate estimates with greater accuracy. Nevertheless, total
NPP estimates arevithin a plausible range when estimated from the harvesting,

summation and integration methgdsble 1.).
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Total NPP from lowland dipterocarp forest in Pasoh is the highest, with the
exception of the modelled data and overestimated value from Khao @iresg (Table
1.1). In contrast, prenontane forest is the lowest, with a recent study having recorded the
lowest total NPP from a pmmontane forest in Sulawesi, Indoneéitertel et al., 2009)
Mean total NPP is significantly higher across the Asiani¢ebgorests as compared to the
Amazonian forests. However, the lack of data from the Asian region makes this estimate

tentative.

The lowland Bornean forests are fundamentally different from Neotropical and
African forests, being so dominated by diptarp treegAshton, 1964; Ashton, 1982;
Whitmore, 1984; Ashton and Hall, 1992; Davies and Becker, 1996; Curran and Webb,
2000; Leeet al, 2002; Pottet al, 2004; Ashton, 2005)n addition, previous studies have
reported higher values of abegeound NPP (Kitayama and Aiba, 2002; Paoli and Curran,

2007; Chaveet al., 2008)

Because of the lack of data for Asian tropical forest sites, it is still poorly
understood whether apparent differences in primary production are driven by
environmental factors, daon allocation patterns, soil factors, or the missing NPP
componentg¢Deluciaet al, 2007; Littonet al, 2007; Malhiet al, 2009; Clevelanét al,

2011; Malhiet al, 2011) In Amazonia, it has been suggested that large regional gradients
in aboveground productivity across Neotropical forests may be explained by the
variations in plant photosynthesis, the amount of carbon allocated to roots, and the amount

of carbon lost trough plant respiratio(Malhi et al, 2004)

20



Table 11: The mean (x standard error) total net primary productivity (NPP) of tropical

forests
Site Forest type Method Total NPP Reference
(Mg C ha™yr”
1
)
Asia
Malaysia: Pasoh Lowland S 13.7+1.4* Kira(1978)
dipterocarp S 12.8+1.3* Kira (1987)
Met 245+ 2.5*  Aokietal (1975)
Thailand: Khao Chong  Seasonal evergree| S 143+ 1.4* Kiraetal (1967)
Indonesia: Sulawesi Premontane I 6.7+0.3 Hertelet al (2009)
Thailand: Central Deciduous S/ 6.1+ 0.6* Oginoet al (1967)
Thailand dipterocarp/ Dry
evergreen
China Tropical forest Mod 17.8+25  Wanget al (2008)
I 72+1.6 Ni et al. (2001)
China: Fujian Subtropical S 11.2+0.6 Yanget al (2003)
China: Xishuangbanna Tropicalseasonal S 8.8 £0.9* Tanet al (2010)
India: Western Ghats Wet evergreen I 11.9+2.0 Swamyetal (2010)
Estimated Mean 12.3+0.5
Amazonia
Brazil: Caxiuana Moist old-growth I 13.2+0.8 Aragéoet al (2009)
I 10.0+1.2 Malhi et al (2009)
Brazil: Tapajos Moist old-growth I 144+£13 Aragéoet al (2009)
I 144+1.3 Malhi et al (2009)
Brazil: Manaus Moist old-growth I 11.4+£13 Aragaoet al (2009)
I 101+14 Malhi et al (2009)
Peru: Tambopata Lowland forest I 154+£0.6 Aragéoet al (2009)
I 15.3+0.6 Girardinet al (2010)
Peru: Tono Premontane I 7.1+£10 Girardinet al (2010)
Peru: San Pedro Lower montane I 7.1+04 Girardinet al (2010)
Peru: Trocha Union Lower and upper I 51+0.3 Girardinet al (2010)
montane
Peru: Wayquecha Upper montane I 51+04 Girardinet al (2010)
Colombia: Agua Pudre  Moist lowland I 11.5+05 Aragaoet al (2009)
Colombia: Zafire Moist lowland I 9.3+1.3 Aragaoet al (2009)
Colombia: Porce Lowland to pre I 12.8+0.4 Sierraet al. (2007)
montane forest
Venezuela: San Carlos Moist white sand I 6.0 £ 0.6* Jordan and Escalante
soil (1980)
Estimated mean 10.5+0.2
Elsewhere
Mexico: Chamela Deciduous I 4.7 £ 0.5* MartinezYrizar et al.
(1996)
USA: Hawaii Montane S 7.8+0.3 Ostertag (2001)
Ghana: Kade Moist semi S 125+ 1.3* Greenland and Kowal
deciduous (1960)

* 10% standard error assigned (Aragdi@l, 2009; Malhiet al, 2009)

NB: S, summation based on destructive method that measures actual accumulatioh afove and
belowground biomass; Met, micrometeorology approach typically using eddy covariance technique
that measures the flow of carbon dioxide between the forest canopy and the atmosphere; Mod,
ecosystem simulation modelling to integrate obsikrmeeteorological data and carbon cycle; |,
integrated sum of aboveand belowground biomass/NPP components measured continuously to
capture increment and losses.
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In addition, spatial variations of aboegeound NPP appear driven by soil nutrieftsrdan

and Herrera, 1981; Vitousek, 1984; Vitousek al, 2010; Clevelandet al, 2011)
particularly soil phosphorus (Harringt@t al., 2001; Paolet al, 2005; Paoli and Curran,
2007; Aragaoet al, 2009; Quesadat al, 2009) and the availability of soilitrogen
(Clevelandet al, 1999; Vitouseket al, 2002; Cusaclet al, 2010) A recent review
suggested substantial variation in NPPallocation across (8ftathi et al, 2011) The
magnitude, spatial and temporal variations of Nir&0f considerable interestith regard

to testingour understanding of ecosystem functions, the role of the biosphere in global

biogeochemical cycles, and the response of ecosystems to local and global perturbations.

1.2.4. Above-Ground Biomass and Productivity

Aboveground biomass in a forest ecosystem incluldaves, twigs, branches,
woody materials, and trunks. These abgweund components are important contribution
to total NPP, and hence the carbon balance. In the tropics,-gbmwed biomass has been
reported over a large range of 20 to 330 Mg C haross various tropical foregGlark et
al., 2001b) The aboveground biomass of tropical forests seems relatively greater than in
the temperate and boreal forests, yet the magnitude and spatial distalkargostill
uncertain(Goodaleet al, 2002; Houghtoret al, 2009; Malhi, 2010) Furthermore, the
uncertainty is confounded by the rapid increase of tropical deforestation, which
considerably altercarbon stocks and hence the global carbon dyabardet al, 2002;
DeFrieset al, 2002; Houghton, 2003; Achaet al, 2004; van der Werét al, 2009;
DeFrieset al, 2010; Miettineret al, 2011)

A considerable number of studies assessing ajomend biomass are bedand
inaccurate due to methodological inconsistencies related to measuré@iankset al,

2001a) Moreover, the global and regional inventories and data available are limited,
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incomplete and out of dateloughtonet al, 2009; Malhi, 2010)The estimation of above
ground biomass can be determined through different methods. Destructive measurement is
the conventional method used to quantify plant bionf@gmwaet al, 1965; Katoet al,

1978; Klinge and Herrera, 1983; Rai and Proctor, 1Y86nakuraet al, 1986) Repeated

field measurements to quantify biomass increment and losses are often challenging and
time consuming. In tropical forest, this is made particularly difficult by the diversity of tree
species, wood densities, tree architees and life forms, as well as and the complexity of
belowground biomass componer(Glark et al, 2001b) More advanced nedestructive
measurements involve micrometeorology using the eddy covariance methode{Axtki

1975; Faret al, 1990; Gracetal., 1995; Gracet al, 1996; Malhiet al, 1998; Araujoet

al., 2002; Goulderet al, 2004; Saigusat al, 2005; Saitofet al, 2005; Takanastlet al,

2005; Kumagatket al, 2006; Hirataet al, 2008; Kosugiet al, 2008; Mizoguchiet al,

2008; Ohkuboet al, 2008), satellite optical datgteininger, 200Q)longwavelength

radar and lidafLefsky et al, 2002; Drakeet al, 2003; Patenauds al, 2004; Dubayalet

al., 2010; Saatchet al, 2011b) synthetic aperture radéiRansonet al, 1997; Santeet

al., 2003; Mitchardet al, 2009; Englharet al, 2011; Morelet al, 2011; Saatchet al,

2011a; Le Toaret al, 2011) and digital aerial image analys{Brown et al, 2005;

Tackenberg, 2007)

Although estimates of aboxground NPP in tropical forests are limited, ist
nevertheless reasonably well known in regard to Amazonian forests as a result of
continuous field measurements and monitoring of several permanen{Ridigps et al,

1998; Qark, 2002; Chavet al, 2003; Bakeet al, 2004, Chamberst al, 2004; Lewiset
al., 2004; Malhiet al, 2004) In Southeast Asian forests, earlier measurements of above
ground biomass and NPP were conducted in the 1970s under t(8d&padmo and Kar,

1977; Soepadmo, 1978; Kira, 1987Mhereafter, several sporadic estimasiah above
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ground biomas$iave been reported for various locat®im the Southeast Asian region
(see Table 1.2), but very few are aba@reund NPP studiefKitayama and Aiba, 200

Paoli and Curran, 2007; Heret al, 2009)

Tropical forests in the Southeast Asian region often constitute substantial above
ground biomass. The variations in aba@reund biomass are mainly attributed to different
vegetation types observed acroke tegion and the method employed, particularly the
allometric equations. These values are significantly higher than those typically reported
from forests in South America (see Table 1.2) or Affidalhi et al, 2006; Lewiset al.,
2009b) One of the reams that the abovground biomass is higher in this region may be
due to the mixed dipterocarp forests that are generally taller in stature and larger in size
(Brown et al, 2001; Sliket al, 2010) In addition, this large abovground carbon stock
could be linked to soil fertility and demographic changes in spgtestset al, 2004,
Davieset al, 2005; Russet al, 2005; Paolet al, 2008) In northwestern Borneo, mixed
dipterocarp forests on rggllow podzolic soils generally have much greatenaground
biomass than heath forests on podz@tsoctor et al, 1983; Ashton and Hall, 1992;
Palmiottoet al, 2004; Pottset al, 2004) Furthermore, a recent review found that the
substantial differences in NPP allocation between canopy and woody tissue in Asian
lowland forests are mainly due to highly variable resoufikshi et al, 2011) However,
the lack of data in this region maké difficult to evaluate the allocation within abeve
ground productivity and the relationship to total N@ark et al, 2001b; Malhiet al,

2011) Hence, this thesis will determine the allocation of NPP and explore the potential

relationships to envanmental factors in a lowland dipterocarp forest.
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1.2.5. Below-Ground Biomass and Productivity
Little is known about increment and losses of befraund biomass and the relationship
to aboveground productivity in tropical fores{Raich and Nadelhoffer, 89; Clarket al.,
2001b) Belowground biomass is often unaccounted for or is estimated as some
theoretical proportion of abovground productiorfWhittaker and Marks, 1975Based on
a steadystate assumption, total beleyround carbon allocation (TBCA) ag roughly
twice the annual abowground litterfall in forest ecosysten{®aich and Nadelhoffer,
1989; Trumboreet al, 1995; Davidsoret al, 2002a) Early accounts of TBCA in several
Bornean tropical forestwereestimated between 4.8 and 17.7 Mg C & (Andersonet
al., 1983; Proctort al, 1983) By comparison, TBCA in the Amazonian forests was
relatively higher at between 1.5 and 39.0 Mg C' #i&". Recent reviews of 39 tropical
forest sites estimate belegvound productivity to be in the rang&0.1 17.0 Mg C h& yr
! although there are still considerable methodological uncertaii@lesk et al, 2001b)
Hence, the allocation of aboggound carbon to beloground biomass often equals or
exceeds the abovground litterfall and respirationf dorest ecosystem@lanssengt al,

2001)

Below-ground productivity includes turnover of fine and coarse roots, losses of
root material to belovground consumers, rhizodeposition, and the carbohydrate inputs to
mycorrhizal fungi and root nodule symbisr{Clarket al2001a). In the forest ecosystems,
roots constitute the largest amount of belgnound productivityRaich and Nadelhoffer,
1989; Vogtet al, 1996; Schlesinger, 1997Root production has been suggested to

contribute oneghird of the global annual NPBacksoret al.,, 1996)
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Table 12: Summary of abovground biomass (Mg C Hain Southeast Asian tropical
forest and several sites in the Amazonian tropical forest

Site Vegetation Carbon Reference
stock
(Mg C ha™)
Southeast Asia
Pasoh: Peninsular Lowland dipterocarp 238 Katoetal. (1978)
Malaysia forest
Pasoh: Peninsular Lowland dipterocarp 208 Hoshizakietal. (2004)
Malaysia forest
Pasoh: Peninsular Lowland dipterocarp 268 Niiyamaetal. (2010)
Malaysia forest
Pasoh: Peninsular Lowland dipterocarp 155 Okudaetal. (2004)
Malaysia forest
Lambir: Borneo Malaysia Lowland dipterocarp 260 Yamakuraetal. (1996)
forest
Lambir: Borneo Malaysia Lowlanddipterocarp 249 Chaveetal. (2008)
forest
Gunung Mulu: Borneo Alluvial forest 125 Proctoret al (1983)
Malaysia Dipterocarp forest 325 Proctoret al (1983)
Heath forest 235 Proctoret al (1983)
Forest over limestone 190 Proctoret al (1983)
Danum Valley: Borneo Lowland dipterocarp 128 Saneretal. (2012)
Malaysia forest
Gunung Kinabalu: Dipterocarp montane 248 Kitayama and Aiba (2002)
Borneo Malaysia forest
East Kalimantan: Borneo Lowland dipterocarp 255 Yamakuraet al (1986)
Indonesia forest
Central Kalimantan: Heath forest 120 Miyamotoet al (2007)
Borneo Indonesia
Central Sulawesi: Premontane forest 286 Hertelet al (2009)
Indonesia
Borneo Lowland tropical forest 238 Slik etal. (2010)
Khao Chong: Thailand  Seasonal evergredorest 166 Kira et al. (1967)
Cheko: Cambodia Seasonal evergreen fore: 161 Hozumiet al (1969)
Cambodia Deciduous forest 144 Kiyono et al (2010)
Evergreen forest 223 Kiyono et al. (2010)
West Kalimantan: Bornec Lowland tropical forest 215 Paoliet al (2008)
Indonesia
Peninsular Malaysia Superior 245 Forestry Department (1987)
Moderate hill 310
Nam Phrom: Thailand Semideciduous seasona 170 Kyumaet al (1985)
Estimated mean (+ standard error) 215+12
Amazonia
Manaus: Brazil Moist old-growth forest 163 Chambertal. (2004)
Malhi etal. (2006)
Pyleetal. (2008)
Tapajos: Brazil Moist old-growth forest 153 Riceetal. (2004)
Malhi etal. (2006)
Pyleetal. (2008)
Caxiuana: Brazil Moist old-growth forest 201 Malhi etal. (2006)
Tambopata: Peru Lowland Amazonian 124 Girardinet al (2010)
forest
Nouragues: French Lowland wet forest 149 Chaveet al (2001)
Guiana
Estimated mean (+ standard error) 158 + 12
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Despite this importance, however, accurate estimates and understanding of root dynamics
remain a controversial problem beset by methodological uncertainties and analytical
difficulties (Vogt et al, 1986a; Nadelhoffer and Raich, 1992; Vegal, 1998; Hasonet

al., 2000; Norby and Jackson, 2000; Hendriekal, 2006) Vogt et al (1998)argued that

there is no single best method to quantify root biomass, unless these various methods can
derive comparable estimates to total carbon budgets in a syswifou@ded by these
issues, the interaction of root dynamics with global climate change, plant physiology, and

belowground production remains poorly understdddrby and Jackson, 2000)

Root biomass mainly consists of coarse and fine roots. Large castse are
suggested to contribute to biomass increment owing to their slow turnover, while fine roots
contribute to biomass loss due to their rapid turnover in forest ecosyfteqgiset al,
1986b; Aertset al, 1992; Gill and Jackson, 2000; Clakal, 2001a) There are only a
few studies that focus on structural coarse r@idtzumiet al, 1969; Kenzeet al, 2009;
Niiyama et al, 2010)and fine rootqYoda, 1978; Yamashitat al, 2003; Greeret al,
2005)in Southeast Asian tropical forests. Based upon a global review across tropical sites
in Asia, the allocation of NPP to fine roots is relatively low but with higher allocation of
woody tissugMalhi et al, 2011) Fine roots have been found to make upartban 50%
of total carbon in the upper 10 dfSilver et al, 2000; Tellest al, 2003) The dynamics
of roots are controlled by the soil environmé¢Rtegitzeret al, 1993; Eissenstadt al,

2000; Pregitzeet al, 2000; Greeret al, 2005)and aboveand belowground substrates
(Hogberget al, 2001; Pregitzer, 2003; Hendricks al, 2006) Fine oots are particularly
difficult to measure due to temporal and spatial variability including the prevailing
environmental conditions, with the result beimgttany such measurements necessarily
include a large degree of uncertair{tyendrick and Pregitzer, 1993; Carvalheiro and

Nepstad, 1996; Silveet al, 2000; Silveret al, 2005) In addition, the uncertainty in
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distinguishing live from dead fine roots e of the other difficulties in assessing the

dynamics of fine rootClark et al, 2001a)

The complexity of belowground carbon cycling has emerged as a ceobsilacle
to accurately modetcosystem carbon cycling and its response to environmentageha
(Raich and Nadelhoffer, 1989; Voet al, 1996; Hansoet al, 2000; Clarket al, 2001b)
Hence, this D.Phil. study aims to examine the contribution of bglewnd components to

total NPP and its response to environmental factors.

1.2.6. Respiration Rates
Total respiration over an ecosysteRrda) is the sum of two large fluxes: th& and
heterotrophic respiratiorRf). The components dR, include leaf, wood (stem, branches,
and coarse woody debris), and root (coarse and fine root), Rgmtainly involves below
ground components from litter, soil organic matter, and microbial decompoditin.
widely recognised that plants respire approximately 50% of the net carbon taken up by
photosynthesis or GPP (DeLu@aal, 2007; Van Oijeret al, 2010). In addition,R, has
been estimated at 8.77 + 0.96 Mg C'lya* across tropical biomes. These large fluxes of
respiration are equally important to photosynthesis in determining the carbon balance in an
ecosystem. However, accurately quantifying thengonents of respiration and scaling
these fluxes over a large area is challenging. Over an ecosystem, the balance between GPP

andRrota IS the net ecosystem productivity (NEP) and is given as:

NEP = GPA Ry (Eg. 1.3)

Attempts to quantify NEP are increasingly important because it determines the potential of

carbon sinks and sources of an ecosystem. Charetar$2004) indicated that even a

28



small NEP fluxscaled over large areas may significantly increase the globairaulative
sink. Although there is a growing interest in evaluatRig, in tropical forests (Chambers
et al, 2004; Cavaleret al, 2008; Metcalfest al, 2010; Taret al, 2010), the quantifying
and scaling of the components of respiration in regarte ecosystem level remains at

the early stages compared to its global importance.

1.2.7. Soil Respiration
Soil respiration is the second largest terrestrial carbon(8eklesinger, 1977; Raich and
Schlesinger, 1992; Raich and Potter, 1995; Luo and Zh@&).28nd typically contributes
30% to 80% of annual total ecosystem respiraiamssenst al, 2001; Xu and Qi, 2001;
Yuste et al, 2005; Davidsoret al, 2006) Soil releases approximately 290 Pg of C
(Schlesinger, 1977; Raich and Potter, 1995; IRat al, 2002; BoneLamberty and
Thomson, 201Q)which is approximately 10% of annual atmospherig €y2ling through
the soil (Reichstein and Beer, 20088y comparison, this large annual fraction of soll
respiration is an order of magnitude larger than anthropogenic fossil fuels combustion
(Bodenet al, 2010) In addition, approximately 30% of the total global forest ecosystem
respiration comes from traqal and sublropical evergreen broddaved forestg¢Raichet

al., 2002)

In general, tropical moist forests have the highest recorded mean soil respiration of
12.6 Mg C ha yr! across vegetation types as reviewedRajch and Schlesinger (1992)
A large number of soil respiration studies have been reported across the tropics (Table
1.3). In the Southeast Asian region, earlier studies based on the conventional method
estimated mean annual soil respiration as beirigldMg C h& yr* in Khao Chong
fored, Thailand and the Pasoh Forest Reserve, MalgYsida and Kira, 1969; Ogawa,

1978)
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Table 13: Soil respiration in Southeast Asian tropical forests and several study sites in the
Amazonian tropical forest

Site Soil Method  Soil respiration Source
(Mg C hayr™)
Southeast Asia
Khao Chong, Sandy Absorptio 16.1 Yoda and Kira (1969)
Thailand n
Pasoh, Peninsular  Sandy Absorptio 16.0 Ogawa (1978)
Malaysia n
Gunung Mulu, Clay-rich Absorptio 5.8 Andersonet al (1983)
Borneo n
Bako, Borneo Sandy loam Absorptio 5.3 Wanner (1970)
n
Tjibodas, Java, Montane Absorptio 4.0 Wanner (1970)
Indonesia n
Lambir, Borneo Clay to sandy loam IRGA 22.7 Katayamaet al (2009)
Lambir, Borneo Clay to sandy loam IRGA 20.1 Ohashiet al (2007)
Lambir, Borneo Clay to sandyoam IRGA 19.9 Ohashiet al (2008)
Pasoh, Peninsular  Clay-rich IRGA 18.4 Adachiet al (2005)
Malaysia
Pasoh, Peninsular  Clay-rich IRGA 19.9 Adachiet al (2006)
Malaysia
Nam Phrom, Clay to sandy Absorptio 15.0 Tulaphitaket al
Thailand n (1983)
Kog-Ma, Chiang Sandy loam IRGA 25.6 Hashimotoet al
Mai, Thailand (2004)
Pasir Mayang, Clay-rich IRGA 134 Ishizukaet al (2005)
Sumatra, Indonesia
Pasoh, Peninsular  Clay-rich IRGA 14.8 Kosugiet al (2007)
Malaysia
Sabah, Borneo Clay-rich IRGA 23.1 Saneret al (2009)
Estimated mean (+ standard error) 159+1.7
Amazonia
Manaus, Brazil Clay-rich IRGA 18.9 Chambersgtal. (2004)
Sottaetal. (2004)
Caxiuana, Brazil Clay-rich IRGA 13.1 Sottaetal. (2004)
Sottaetal. (2006)
Metcalfeetal. (2007)
Tapajos, Brazil Clay-rich IRGA 11.9 Sottaet al (2006)
Metcalfeet al. (2007)
Paragominas, Brazil Clay-rich Model 24.0 Davidson and
Trumbore (1995)
Trumboreet al (1995)
Paragominas, Brazil Clay-rich IRGA 20.0 Davidsonet al (2000)
Estimated mean (+ standard error) 17.6+2.2

NB: Absorption, alkali absorption chamber method places static alkali solution within chamber
followed by titration of chloric acid; IRGA, infrared gas analysers using dynamic chamber method that
allows air to circulate between the chamber and sensor to measpE@ntration in the chamber
over time; Model, aggregated model based on estimated gas diffusivity and volumetric water content
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A relatively lower level of soil respiration ofiZz Mg C ha' yr* was found across
contrasting tropical forests in Borné@/anner, 1970; Andersoet al, 1983) However,

recent measurements, using the IRGA measurement method, have found relatively higher
soil respiration between 20 and 23 Mg C'a’, which has been attributed to TBCA and
forest structuréKatayamaet al, 2009) difference in measurement techniq@Bavidson

et al, 2000; Ohashet al, 2008) spatial variation(Nakayama, 1990; Hashimott al,

2007; Kosuget al, 2007; Ohashet al, 2008) the canopy gafAdachiet al, 2006; Saner

et al, 2009) and the effects of hot spqtShashiet al, 2007)in addition to environmental
drivers. For comparison, recent estimates of mean annual soil respiration reported from
several sites in Amazém forests were in the range of 12 to 19 Mg C yr&@ (Chambers

et al, 2004; Sottaet al, 2004, Silvert al, 2005; Sottaet al, 2006; Metcalfest al, 2007)

with several notable excepti®nf higher soil respiration between 25 and 30 Mg Cyra

(Trumboreet al, 1995; Sottat al, 2004; Valentinket al,, 2008)

Soil respiration is generally measured manually and typically during daytime.
Daytime manual soil respiration measurements omit significant variations in biophysical
parameters (e.gemperature, soil moisture, precipitation, and photosynthesis), and assume
that the magnitude of soil GCefflux is consistent over a diurnal cycle. Hence, the
estimation of longerm soil carbon dynamics may be constrained. Several studies have
investigated the diurnal cycle sbil respiration in tropical forest regiorfMeir et al,

1996; Kiese and Butterbadahl, 2002; Sottat al, 2004; Ohashét al, 2008; Zanchet

al., 2009; Zimmermanet al, 2009) but none have captured loteym measwaments or

paid attention to the diurnal variation of soil components. The variation of soil respiration
over the diurnal cycle can be substantial and has shown a distinctive response to
environmental driverg¢Vargas and Allen, 2008; Zancht al, 2009; Zmmermanret al,

2009) and photosynthesis in forest ecosystdifsng et al, 2005; Vargast al, 2011)
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Thus, elucidating the relative magnitude of diurnal soil respiration and its underlying soll
components, as well as exploring their diurnal responsabitmtic and biotic dctors, is

crucial to furtheour understanding of the contribution of soil respiration.

Soil respiration is sensitive to environmental drivérsnainly temperature and
moisture. On a global scale, soil respiration is positively cated|to temperatur@aich
and Schlesinger, 1992; Raieh al, 2002; Reichsteiret al, 2003; BonedLamberty and
Thomson, 2010) Comprehensive reviews suggest that soil respiration often increases
exponentially with temperature (Singh and Gupta, 1977; Lloyd and Taylor, 1994; Katterer
et al, 1998). However, the relationship does vary across different @Rach and
Schlesinger,1992) and may not always be evidefidavidsonet al, 1998; Sotteet al,
2004) Several studies have found no clear relation between soil respiration and
temperaturgValentini et al., 2000; Jansseret al, 2001; Adachet al, 2006; Metcalfeet
al., 2007; Katayameet al, 2009) In fact, the relationship may be confounded by other
coordinated variables including plant and microbial metabol{salhi et al, 1998;
Reichsteiret al, 2003; Schwendenmarat al, 2003) Thus, soil temperature may not be
the only factor that explains variation in soil respiration. The variability of temperature
sensitivity (Q) is a critical environmental factor when seeking to understand the response
of soil respiration to elevated temperature and global warrfliagkinsonet al., 1991;

Schimelet al, 1994)

In tropical regions, soil respiration strongly depends on soil water content and
typically shows a strong seasonal pattern, but the effects have been relatively variable.
Studies in tropical forests on relations betwseih water content and soil respiration have
shown a parabolic responggchwendenmanat al, 2003; Sottaet al, 2004; Sottaet al,

2006) and a negative linear relationsiipavidsonet al, 2000; Chamberst al., 2004;

Adachiet al, 2005; Kosuget al., 2007) A recent study in a tropical seasonal forest has
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shown that seasonal and spatial variations of soil respiration are strongly correlated to soil
water contenfHashimotoet al, 2007; Takahashet al, 2011) Rewetting of dry soils
considerablyncreased the rate of soil respiratiiavidsonet al, 2000; Schwendenmann

et al, 2003; Hashimotet al, 2004; Sottaet al, 2004) However, a considerable amount

of water as a result of heavy rain can inhibit;@@s diffusion and significantly reduég

due to wateffilled pores within the soi(Schwendenmanat al, 2003; Sottaet al, 2004,
Takahashiet al, 2011) A previous study in Lambir showed that soil water content
strongly explained the seasonal variation of soil respiration at deepelepths between

30 and 60 cngOhashiet al 2008)

1.2.7.1. Partitioning Soil Respiration
Soil respiration is the sum of major soil components, which are mainly litter, root,
mycorrhizae, and soil organic matter (SOM). The partitioning of soil respiration defines
these components broadly into two groups: autotrophic and heterotrophic respiratio
Establishing the longerm contribution of soil respiration from each soil component is
essential in order to better understand the underlying mechanisms contributing to total soll
respiration. Additionally, their responses to environmental drivers haag profound
implications for soil and ecosystem carbon cycling.

Evaluating these soil components separately is complex and difficult without
disrupting the structure and texture of the soil. In addition, the dynamics of-getend
processes are drimeby substrate inputs mediated through the abiotic and biotic factors,
which include abowground plants, photosynthesis, decomposition, and root exudation in
the soil. As such, there is a growing interest in determining the effects of soil priming

attribued to above and belowground inputs in the soil. However, the effect of soll
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priming is understudied and poorly understqédizyakov, 2006; Subket al, 2006;
Kuzyakov, 2010; Kuzyakov, 2011)

Over the years, growing interest in the partitioning of sesbiration has resulted

in numerous methods and techniques being used to separate soil components. Although
considerable advances are showing good agreement among various soil partitioning
approaches, estimated results are still interpreted in the @ghassumptions and
methodological caveatHansonet al, 2000; Kuzyakov, 2006; Subket al, 2006)
Furthermore, soil partitioning studies are rare in tropical forests. The following methods
have been employed in tropical forests to partition soil comgensontributing to total
soil respiration: 1) root exclusion/trenching @t al, 2004; Silveret al, 2005; Liet al,
2006; Chemidlin Prévoddouré et al, 2009; Sayer and Tanner, 2010; Takahashal,
2011); 2) component integratiofiedwards and Hais, 1977; Davidsoret al, 2002b;
Metcalfeet al, 2007) 3) litter manipulatior(Sayeret al, 2007; Zimmermanat al, 2009;
Sayeret al, 2011) 4) isotopic labellingGiardinaet al, 2004) 5) mass balanc@Nakane,
1980; Trumboreet al, 1995) and § root regressiorfBeheraet al, 1990; Subkest al,
2006)

The componenintegration method, which will be employed and discussed in
chapters 2 and 3, separates and measures each soil component that contributes to total soil
respiration (litter, root,mycorrhizae, and SOM). However, although several recent
advances have shown plausible estimates, disturbances to the soil profiles may
considerably affect the respiration rélidetcalfeet al, 2007; Fenret al, 2010; Girardiret

al., 2010; Nottinghanetal., 2010)
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1.2.8. Comparing Productivity and Soil Respiration between Tropical Forests
in Southeast Asian and Amazonian Region

Thetropical forests in Asia amount to only approximately 50% of the total forest carbon
stock that there is in tropical Ameri¢&aatchiet al, 2011b; Baccinet al, 2012) In spite

of this, the living biomass of trees in tropical Asia, particularly in Southeast Asia, contains
a greater carbon density than in the tropical Amagdibbs et al, 2007) Based on
previously publishedlata, the mean aboggound carbon stock across various vegetation
types in Southeast Asia is approximately 36 + 11% higher than the forests in Amazon
(Table 1.4). This may be explained by the rate of biomass production for plants. However,
the total NPPestimated from the available data (Table 1.1) in the tropical forests of

Southeast Asia region is identical to the forests in Amazon (Table 1.4).

Table 14: Mean & standard error) carbon stock, productivity and soil respiration for
tropical forests in 8utheast Asia and the Amazon.

Southeast Asia Amazon
Above-ground carbon stock 215+12 158 + 12
Mg C ha'
Total net primary productivity (NPP) 10.7+0.5 10.5+0.2
Mg C ha' yr*
Soil respiration 159+1.7 176+2.2
Mg C ha' yr*

NB: Estimates arbased on data presented in Table 1.1, Table 1.2, and Table 1.3.

The lack of data and the inconsistency in the methods employed to determine total NPP for
tropical forests in Southeast Asia makes this estimated NPP tentative. Using an extensive
dataset compiled from soil respiration studies comparing tropical foreStautheast Asia

and the Amazon, this large belaywound flux is much the same. The production and

respiration terms essentially contribute to the understanding of the carbon budget and
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carbon cycling between these two contrasting tropical forest regidresefdre, it is
imperative to quantify these terms with greater consistency and accuracy over time, which

has been a main focus during the course of my D.Phil. study.

1.3.0Overview of Thesis
The ultimate aim of this thesis is to develop a comprehensive carbon budget and explore
the relationship among environmental drivers, carbon allocation and the partitioning of soll
respiration across two contrasting soil types in a Bornean lowland diptpréorest. To
achieve this, measurements were employed in order to quantify the carbon allocation,
fluxes and related environmental drivers to answer the research questions that make up the
core of this thesis. Hence, this thesis consists of fndepenéntly linked chapters
(Chapters B6), which have been prepared and to be submitted as scientific articles-to peer
reviewed journals (Table 1.5). These chapters are bookended by the present background
and introduction to the study (Chapter 1), the litemta@view and general explanation of
field methodology (Chapter 2), and a discussion (Chapter 7). Here, | present an overview

of chapter B6 to explain the aim of each article and its objectives.

Table 15: Publication status of chapters

Chapter  Status Journal

3 Ready for submission Soil Biology and Biochemistry

4 Ready for submission Forest Ecology and Management
5 Ready for submission Journal of Ecology

6 Ready for submission Global Change Biology
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Chapter 3: Diurnal Variation of Soil CO, Efflux in a Bornean Lowland Dipterocarp
Forest

This is a novel study that explores the diurnal variation of soip €fflux and its
components, including flux from litter, roots, soil organic matter and mycorrhizae. In
addition, this study seeks to undarsd which of the soil components and environmental

factors contribute to and drive the diurnal patterns.

Key research questions:

a) What is the diurnal variation of total soil Gefflux?

b) What is the diurnal variation of Gfflux from litter, root, soil organic matter, and
mycorrhizae, and their relative contribution to total soib,@@ux?

c) What is the relationship of total soil G@fflux and its soil components to daily
variation in environmental factors such as seinperature, soil moisture, rainfall,

ambient air temperature, relative humidity, and solar radiation?

Chapter 4: Magnitude and Seasonal Variation of Soil CEfflux in a Bornean
Lowland Dipterocarp Forest

To provide a comparison with the diurnal variatioinsoil CG, efflux (Chapter 3), this
chapter explores the magnitude and seasonal variation of soile@lOx based on
typically manual measurements conducted during daytime from two contrasting soil types
(clay and sandy loam). This article presents tailbel soil partitioning approach using a
Detritus Input and Removal Treatment (DIRT) experiment. The relationships with
environmental factors such as soil moisture, soil temperature, and air ambient temperature

are explored.
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Key research questions:

a) Whatis the mean annual soil G@fflux, and which environmental factors control
its temporal variation?

b) How is total soil CQ efflux partitioned into soil component fluxes from litter
respiration, SOM respiration, root and mycorrhizae respiration, and hdiede

components respond seasonally and to environmental factors?

c) Are there any significant differences in soil £6¥lux and its partitioning between

the contrasting soil types of clay and sandy loam soils?

Chapter 5: Annual Budget and Season&ariation of Above- and Belowground Net
Primary Productivity in a Lowland Dipterocarp Forest in Borneo

This article quantifies abovend belowground NPP, exploring the seasonal variation on
clay and sandy loam sites. This is the first attempdescribethe seasonal variation of
NPP and its components in relation to a lowland Asian tropical forest. This article presents
important insights into how productivity in a lowland dipterocarp forest differs from that in

tropical forests elsewhere.

Key reseach questions:

a) What is the aboweand belowground NPP, and how is it partitioned into woody
material, leaves, reproductive materials, fine roots and coarse roots in a lowland

dipterocarp forest in Borneo?

b) What is the seasonal variation in the componenébote and belowground NPP,

and how are these related to environmental factors?

c) What is the overall allocation of NPP at this site, and how does it very between
clay and sandy loam sites?
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Chapter 6: Comprehensive Assessment of the Carbon Budget of a Belan Lowland
Dipterocarp Forest

Finally, this article synthesises a comprehensive carbon budget for a lowland dipterocarp
forest. This chapter brings together results from the preceding chapters in order to estimate
total NPP, GPP and carbon use efficienmcy lowland dipterocarp forest. The results are

compared with recent data from Amazonian forests.

Key research questions:

a) What is the overall allocation of NPP components and respiration rates (autotrophic
and heterotrophic) in a lowland dipterocarp &tyeand how does it vary between

clay and sandy loam sites?

b) What is the total budget of carbon productivity, carbon use efficiency (CUE), and
GPP in Lambir, and how do these budgets differ between sites and tropical forests

elsewhere?
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Chapter 2: Site Descriptionand Methods
2.1.Study Site

2.1.1. Lambir Hills National Park
Lambir Hills National Park4° 1 2 M, 114 2 &) was gazetted in 1975 as a totally
protected area and serves as a reservoir of forest resources and biodiversity. Lambir is
located approximately 30 km south of Miri Resort City in the state of Sarawak, the
Malaysian part of the island of Borneo (Figuré&)2 Covering an area of 6,949 ha, Lambir
is divided into two areas by the PBorneo trunk road traversing the park. Approximately
onethird of the area is isolated from the major portion of the park and has been under
persistent pressure for developmand agriculture. The topography of Lambihify and
the terrain is undulating with steep slopes. Approximately 85% of the total park area is
dominated by slopes and the remaining area consists of ridges and (édayskuraet
al., 1995) The elevationin Lambir ranges from near sea level to the highest peak of
rugged sandstone escarpment at 465 m in altifdtson, 1985; Yamakuret al, 1995)
Lambir is geologically made up of Setap Shale formation, Sibuti formation, Lambir
formation, and Tukau foration deposited during the Miocene perifdechti et al,

1960)

2.1.2. Floristic Composition
Lambir hosts several forest types that include lowland mixed dipterocarp forest, patches of
heath (kerangas) forest on the highest ridges, and small patches of swampy forests
associated with streams. The lowland mixed dipterocarp forest has been widedyd stu
and has the most diverse collection of tree species recorded in the Paledeptos
and Hall, 1992; Phillipst al, 1994; Davies and Becker, 1996; Leieal, 2002) with

approximately 1,200 tree species recorded in a 52 hectare forest dymdohigSondit
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2000; Daviest al 2005) The Euphorbiaceae and Dipterocarpaceae are the most species
rich families and approximately 87 species of the Dipterocarpaceae family have been
recorded in the plofLee et al, 2002) A comprehensive floristic compiiion and stand

structurehasbeen described Hyeeet al. (2002)
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Figure 2.1: A map of Southeast Asia showing the location of the Lambir Hills National
Park(after Leeet al, 2004)
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The lowland dipterocarp forests of Lambir are tall in stature and complex in
architecture, with trees between #®60 m tall, a heterogeneous canopy and high stem
turnover rategPhillips et al, 1994) The basal area for trees

height (1.3 m DBH) is between 3553 nt ha* (Phillips et al, 1994; Yamakurat al,

67

(



1996) and the abowground biomass is about 260 Mg C'h@ramakuraet al 1996;
Chaveet al 2008) The rate of litterfall is consistent throughout the year and sudg#sts
seasonal variation of leaf area index (LAI), with a mean estimated annual value d&f 6.2 m

m? (Kumagaiet al. 2004)

2.1.3. Soill
The soils in Lambir consist of regellow podzolic soil§Teng, 1996)r are classified as
Acrisols (FAO, 2006)and udult Ulisols (Soil Survey Staff, 2006)Generally, they consist
of high sand content (6Z22%), a low pH (4.04.3) and high porosity (5468%) (Ishizuka
et al, 1998) The soils are mainly shaland sandstonderived and are from the Miocene
Pliocene Lambir Fornmion (Watson, 1985; Ishizukat al, 1998; Baillieet al, 2006)
Sandstonalerived soils (15% clay, 16% silt, and 68% sand) are humult Ult{Sug
Survey Staff, 2006and are densely matted with fine roots on the soil surface, have high
sand content, are low in nutrients and low in wai@ding capacity. The shatierived
soils, on the other hand, are clagh (typically 27% clay, 34% silt, and 40% sand) udult
Ultisols (Soil Survey Staff, 2006)with a thin litter layer on the soil surface, and are
relatively fertile and have higher watieolding capacity{Davieset al, 2005; Balillieet al.,
2006; Tanret al, 2009) Humult Ultisols are mainly found on slopes and esl@nd cover
about 75% of the 5Ba plot, whilst the udult Ultisols are mostly on kying valleys and
cover the remaining 25%®avieset al, 1998) The soils and geomorphology of Lambir
have previously been described in detshizukaet al, 1998; Bdlie et al, 2006; Taret

al., 2009)
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2.1.4. Climate
Lambir is an aseasonal lowland dipterocarp forest, with little seasonality in climate. The
wet season associated with the northeastern monsoon is between September and January,
while the drier period typally occurs between February and August. Lambir received
approximately 30 mm of annual rainfall between 2000 and 2010 (recorded from an 80
m tall canopy crane approximately 3 km away from study plot), with an average monthly
rainfall of more than 100 mniven during the drier period, mean monthly rainfall is more
than 150 mm, which is well above the 100 mm™ngpically transpired from forest
canopieqFisheret al, 2007) This indicates that Lambir may not experience water stress
at any time of the year. However, Lambir experiences periodic severe droughts
approximately once per deca@#/alsh and Newbery, 1999; Malhi and Wright, 2004;
Harrison, 2003) The mean annual teremture is approximately 2Z with very little

seasonalityKumagaiet al, 2004)

2.1.5. Sampling Plot Design
The main experiment was carried out in a 52 hectare forest dynamics plot, which is part of
the Center for Tropical Forest Science (CTFS) global nétwblarge plot§Condit, 1995;
Leeet al, 2004) The 52ha forest dynamics plot was established in 1992makuraet
al., 1995) Al trees O 1 c¢cm in DBH were mapped,
measured following standard methg@ondit, 1998) Censuses began in 1992 and were
repeated every five years.
In the 52ha plot, we established two ofieectare research plots (100 x 100 m), one
each on clay (Line % 9) and sandy loaniLine 4271 46) soils (Figure 22 The one
hectare plot was further divided into 25 subplots measuring 20 x 20 m. These two

contrasting soil types provide a direct comparison to several similar study sites established
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in the Amazonian forests (e.g. Chambetsal 2004, Metcalfeet al. 2007, Aragaoet al
2009). The altitude difference between the highest and the lowest points is approximately

150 m, with steep slopes, undulating terrain and complex bisected topogvaphgkura

-
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Figure 2.2: Topography map showing Plot (&lay) and Plot B (sandy loam) in the-Ba
plot in Lambir. The map is drawn at a scale of 1:20.

In addition, two smaller plots (20 x 20 m) were established on clay and sandy loam
sites located outside of the-62 plot. These plots were established tnitor intensively
the partitioning of soil respiration using the Detritus Input and Removal Treatment (DIRT)
experimental plo{Sulzmaret al, 2005; Nadelhoffeet al, 2006; Feketet al, 2011) The
clay and sandy loam sites were chosen so as to bduwgpes, species and elevation that

were similar to and representative of the-beetare plot. Analysis of soil characteristics
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was conducted on the clay soil prior to plot and treatment establishment, as described in
Chapter 3. Each DIRT plot was died into threesubplots measuringl m x 5 m (T1, T2,
and T3) as replicates, and then further divided into ¢érghtment plotsneasuring2 m x 2
m (Figure 2.3 see section 2.2.5). The experimental design and treatment details are further

discussed and uktrated in section 2.2.5 and in Chapter 4.
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Figure 2.3: DIRT experimental plot with all treatments established on clay and sandy
loam. The experimental design was adapted and modified from a similar experiment
conducted in the Harvard Forest, USA ($émdelhofferet al, 2006). Key:T., Control
treatment;Ty;, No Input treatmentTwy,., mycorrhizae treatmenty,, No Litter treatment;

ToL, Double Litter treatmentTgs, reduced O/A horizon treatmenTyrp, NO Root
Disturbed treatmenfyrup, NO RootUndisturbed treatment.
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2.2.Measuring Biomass and Respiration
The sampling and measurement procedures were based on the protocols developed by the
RAINFOR-GEM network, which are described in detail in a man(elailable at

http://gem.tropicalforests.ox.ac.uk/, Global Ecosystems Monitoring Network (GEM)).

2.2.1. Above-ground Biomass and Productivity
Multiple tree censuses from sandy loam and/ daes were used to determiabove
ground woody biomass and productiél.trees within the plots were identified to species
by Leeet al. (2005) Using these tree censuses from both thehmuotare clay and sandy
loam sites, the woody biomass and growth rate for all trees were determined using an
allometric equation for moist tropicaktes(Chaveet al, 2005) A detailed description of
the equation and calculation are provided in ChaptBidnass values were converted by
assuming that dry stem biomass has a carbon content of 4{Kid#6n and Thomas,
2011)

Dendrometer bands were install@eigure 2.4 ) on all trees (O
both clay and sandy loam sites to capture seasonal variation in thegabamd coarse
wood NPP.The dendrometers were installed in July 2008 on clay and sandy loam plots,
but the first 10 and 3 months of data were not used to allow the dendrometers to settle onto
the trees.Threemonthly increments from dendrometer bands were recorded from June
2009 to September 2010 (Figure B)4In addition, 18 species of fagtr o wi ng 10t r e e s
cm DBH) were randomly selected across each entire one hectare plot, and the monthly
increments from dendrometer bands were recorded. Using these dendrometer data sets,
monthly woody growth rates were estimated and scaled across all trees on claydgnd sa

loam sites. Chapter 5 further describes the methodology and the correction factor involved.
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2.2.2. Litterfall NPP ( NPPierfai )

Litterfall and dead woody material (< 2 cm diameter) was celtedtom litter traps
(Figure 2.B) measuring 0.25 M(0.5 x 0.5 m). Collection began in July 2008 and
continued until August 2009. Litterfall was tmited every 14 days (Figure B)5oven

dried at 86C to constant weight, and weighed immediately after removal from the oven.
The litter was separated int)):leaves; ii) branches (< 2 cm diameter); twigs and woody
tissue; iii) fruits, flowers and seeds; and iv) undefined fine debris. Litterfall collection
typically over one year or more in a steady state is approximately equivalent to canopy
production, buexcludes canopy herbivory andgéanopy decay or trapped leaves.

In addition, | combined the litterfall dataset with seasonal changes in LAl and
mean values of specific leaf area (SLA) to determine the seasonal variation of leaf
production (Doughty and Golden, 2008) LAl was determined by recording monthly
canopy hemispherical imagésom August 2009 to May 2010sing a digital camera
(Nikon Coolpix 990) and a hemispherical lemdikon FGES8 fisheye caverter) (Figure
2.6a). Images (Figure 2§ were analsed with theCAN-EYE software (available at
http://www4.paca.inra.fr/capye, Demareet al, 2008; Weiss, 2012Yhe mean SLA was
estimated by collecting nine samples of leaves per sp@damse 2.4) from 11 specialist
dominant tree species on sandy loam and five specialist dominant tree species on clay, as
defined and categorised by Davegsal (2005).Fresh leakamples were scanned (Figure
2.7M), and overdried to constant mass. Leaf area waslysea using image analysis
software(available at http://rsb.info.nih.gov/ij/index.html, ImageS).A is fresh leaf area
divided by dry mass of leafThe methodology and analyses are further discussed in

Chapters.
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Figure 2.4:a) Dendrometer installed on tree, and b) measurement conducted using
callipers.

Figure 2.6:a) Recording images for LAl analysis by A. Deres and b) hemispherical
image.
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Figure 2.7:a) Leaves sampled using a slingshot by X. Tan and b) scanned to estimate
SLA.

2.2.3. Branch Turnover NPP (NPPyranch turnover)
Four transects measurintP0O m x 1 m were established along the boundary in the one
hectare plot. Thremonthly censuses were conducted along the transects to collect fallen
coarse woody materials (woody material > 2 cm diameter, including bark). Collections
began in August 2009 and continued until July 2010. Branches that were easily lifted were
cut to only include the transectossing component, removed and weighed directly.
Heavier and larger branches that could not be removed were recorded for dimensions
(diameter, height, and length), and were allocated a wood density value based on their
decomposition stage. Tetate of decomposition wasassified into four decomposition
level woody materials: 1) intact and solid; 2) rswlid in poorer condition; 3) soft and
rotten; and 4) very soft, rotten and easily collapse (Haret@h 1999). The samples were
dried at 68C, weighed, and density Icalated as dry mass divided by fresh volume. In

subsequent censuses new branchfall materialsneeoeded.
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2.2.4. Fine Root Biomass and NPP NP Piine roots)

Fine root production was quantified using ingrowth cores following similar techniques to
those successfully tested in the Amazonian for@detcalfeet al, 2007a; Metcalfet al.,

2007b; Metcalfeet al, 2008; Aragacet al, 2009; Girardinet al, 2010) The ingrowth

cores were systematically installed in a 3 x 3 grid on clay and sandy loam sites in May
2008. Nine ingrowth cores made from mesh nets (mesh size?) bt cm diameter and

40 cm height were installed & depth of30 cmfrom the soil surfee in each site. The

mesh nets were extracted every three months from September 2008 to October 2009.
Roots were removed from the extracted soil cores manually by hand over a period of 40
minutes, which was split into 10 minutes time interval (Metcaifd 2007). Rootfree soll

was repacked into the mesh net and placed back into the soil. These cores were reinserted
and compacted with care to replicate the natural soil conditions, horizon structure and bulk
density as closely as possible. Although thigrapch introduced substantial disturbance to

soil and roots, several studies yielded plausible outcomes with assumptions and cautions
(Vogtet al, 1998; Hendricket al, 2006; Metcalfest al, 2007b; Girardiret al, 2010)

To estimate fine root mass, the cumulative increase in roots extracted to the first 40
minutes was used to fit a logarithmic curve which predicted root extraction rate up to 100
minutes(Metcalfeet al, 2007b). Fine root production was estimated as tta¢ fioe root
ingrowth and scaled to a oihectare areayith depth correction factor extrapolated up to
100 cm soil deptifMalhi et al, 2009) The prediction approach and depth correction is

further explained in Chapter 5.

76



2.2.5. DIRT Experimental Plot
Soil respiration was partitioned based on treatments and manipulation established on the
DIRT experimental plot. Treatments were established on 5 January 2009 on sandy loam
and on 6 July 2009 on clay soil. Three PVC collars (measurement of soil collarsddetaile
below) were installed at random points in each treatment. Figepr2sents an
illustration of the treatment plots established. The treatment plots established on each

replicate are as follow:

1. Control (Tc): An undisturbed treatment plot with normatboveground inputs of
litterfall. Soil collars (11 cm diameter, 10 cm length) were randomly inserted to a
depth of 25 cm from the soil surface. An additional soil collar (20 cm diameter, 11
cm length) was inserted to 4 cm depth in the soil surface dionalisoil respiration
measurement. Soil G@fflux being measured represeRts

2. Double Litter TpL): An enriched plot with additional litter inputs from all the litter
removed from the No Litter treatmenf\() and exposed to normal abegsound
litter inputs thereafter. Soil collars (11 cm diameter, 10 cm length) were randomly

inserted to a depth of 8 cm from the soil surface.

3. No Litter (Tyo): All existing litterfall and woody debris on the soil surface were
cleared and transferred to tfig_ treatmen plot. Subsequent aboxggound inputs
were excluded by using polyethylene netting. Soil collars (11 cm diameter, 11 cm
length) were randomly inserted to a depth 05 Zm from the soil surface and
covered by the netting. An additional soil collar (20 cianteter, 11 cm length)
was inserted to 4 cm depfinom the soil surface for diurnal soil respiration
measurement. Leaf litter and woody materials were cleared from the netting weekly

to avoid any litter decomposition, which may contribute to soil respirati
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4. No Input (Ty): Treatment was established with soil collars (11 cm diameter, 40 cm
length) inserted to a depth of 30 cm into the soil surface to exclude ingrowth of
roots and mycorrhizae. An additional soil collar (20 cm diameter, 11 cm length)
was nserted to 4 cm deptfrom the soil surface for diurnal soil respiration
measurement. All existing surface litter and roots were removed. Adrouad
litter inputs were excluded using polyethylene netting, while ingrowth of roots and

mycorrhizae were exagtled within the soil collar.

5. Mycorrhizae Twyc): A treatment plot with three micromesh bags-(36 pore
diameter, Plastok Ltd, Birkenhead, UK) measuring 11 cm diameter and 40 cm
length. Prior to installation, all existing surface litter was removed. cdods (11
cm diameter, 30 cm length) were carefully extracted and transferred into the
micromesh bags, with minimum disturbance to the soil profile. The micromesh
bags were filled with extracted soils and reinserted into the same location as the
extractedsoil columns. Soil collars (11 cm diameter, 10 cm length) were inserted to
a depth of B5 cm into the mesh bags and tied with a rope to ensure a tight seal. For
diurnal soil respiration measurement, fine mesh bag measuring 22 cm diameter and
20 cm length were used with soil collars (20 cm diameter, 11 cm length) inserted to
4 cm depthfrom the soil surface. The application of micromesh bags ensures
ingrowth of mycorrhizal hyphae, but excludes ingrowth of r@¢8tsith and Read,
1997; Johnsoet al, 2001; Heinemeyest al, 2007; Moyancet al, 2007; Fenret

al., 2010; Nottinghanet al, 2010)

6. No Root UndisturbedTyrup): A treatment plot that excluded ingrowth of roots
and mycorrhizal hyphae using soil collars of 11 cm diameter and 40 cm I8ogth.
collars were inserted at random locations to a depth of 30 cm in the soil to sever all

roots and mycorhizal hyphae within the solil collars, while minimising disturbance
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to the soil profile. Hence, initial soil respiration measurement may have idclude
dead roots and hyphae in the soil. Aboveground litter inputs were included as

normal.Results were not reported due to experimental failure.

7. No Root Disturbed Tnrp): An additional treatment plot established as an
alternative approach to exclude ingrowahroots and mycorrhizal hyphae, with
major disturbance to soil profile as a result of extraction of roots. Soil cores (11 cm
diameter, 30 cm length) were extracted and all visible roots (fine and coarse)
within the soil cores were removed. The resultiogt-free soil was reinserted into
the same location as the extracted soil column. Aboveground litterfall inputs were

included as normal. Results were not reported due to experimental failure.

8. Reduced O/A HorizonTpa): A treatment plot constructed temove all the
existing organic layer of Aand G horizon, but subsequently exposed to normal
aboveground inputs thereafter. Soil collars (11 cm diameter, 10 cm length) were
randomly inserted to a depth daf®2cm in the soilResults were not reportedalto

experimental failure.

2.2.6. Soil Respiration
Two soil respiration measurement techniques were employed during the course of my
D.Phil. study. First, soil respiration was measured using a portableRattasas Analyser
(IRGA) gas exchange system (E&Vand SREGL soil chamber, PP Systems, UK), with a
custommade adaptor to fit on soil collars (Figur@&)2 Measurement is based on a closed

static chamber technigParkinson, 1981)

In the onehectare plots on clay and sandy loam soils, 25 PVC pladtar<¢ll

cm diameter, 10 cm height) were insertedité 2m depth in the soil, ensuring a tight seal
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in the solil, with one each on a designated measurement point (microsite) near the centre of
each subplot. The collars were installed two months prioheoirtitial measurement in
October 2008, to minimise the effect of soil disturbance on soil respiration. Three repeated
measurements were conducted on each microsite every month (typically between 08:00 h
and 17:00 h) over two years between October 2008 amober 2010. Each measurement

was obtained from soil collars for a maximum of 120 seconds. Soil flux was determined
from the rate of C@concentration increase within the closed chamber for a known period

of time. A linear fit to the C@concentration da proved to be adequate in all cases
(typicalr’O 0. 80) , with the first nine seconds
initial disturbance associated with chamber placement on the collar. Subsequent
concentration data were sometimes also remdeeal maximum of 43 seconds, if found to
deviate from the linear fit.

Using the same IRGA instrument, soil respiration measurements were conducted at
weekly and biweekly intervals for seven consecutive weeks and at monthly intervals
thereafter in the DIRT experimental plot. Measurements began seven days after treatment
instdlation on sandy loam (12 January 2009) and clay soil (13 July 2009), and were

carried out between May 2009 and October 2010.

Together with soil respiration measurements, soil moisture, soil temperature and
surface temperature were also recorded. Soikture was quantified down to 12 cm soil
depth using a Hydrosense CS620 probe (Campbell Scientific, Australia). Air and soil
temperature were recorded using a portable waterprdur Tdigital thermometer probe
(Thermometers Direct, UK). Soil temperatuvas obtained to a depth of 10 cm in the soil,

while the air temperature was recorded at < 100 cm above the soil surface.

In addition | conducted a novel diurnal soil respiration measurement during the

course of my D.Phil. study. The measurement ggaglucted using an automated soil CO
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flux system (L8100, LFCOR Inc., Nebraska, USA), with four lotgrm chambers
(8100104, LFCOR, Nebraska, USA) in the DIRT experimental plot to continuously
measure diurnal soil CCefflux (Figure 29a). PVC soil ctars (20 cm diameter, 11 cm
length) were inserted to 4 cm depth from the soil surfac&-oand Ty, and to 30 cm
depth on théy, treatment plot. On th&wy. treatment plot, similar mesh bags {@6 pore

size) of 22 cm diameter and 20 cm length (Pladttitk Birkenhead, UK), filled with
extracted soils, were inserted to a depth of 30 cm from the soil surface. A soil collar (20
cm diameter, 11 cm diameter) was inserted to 4 cm depth onto the mesh bags. The four
long-term chambers (one for each treatmengravplaced onto the designated PVC soil
collars (Figure Ab) on the first subplot (T1), and remained in position for one week
before being rotated into the second (T2) and third (T3) subplots for one week each.
Within each subplot, sequential measuremerttated once every 210 seconds
automatically and continuously across four treatmef¢s T, Tni, and Tuyc) for seven

days. For each treatment, soil £€&fflux was measured for 120 seconds. The article
presented in Chapter 3 further describes the meawmnt procedures and provides

explanation on the data analysis.

2.2.7. Partitioning of Soil Respiration
Total soil respirationRs) was partitioned into major soil respiratory sources from root

(Roo), SOM Rsow), litter (Riter), @and mycorrhizaeRnyc) with the following equation:

Rs = Ritter + Rsom + Rioot + Rmye (Eg. 2.1)

where each of these soil components can be estimated by taking the difference between

treatments from the DIRT experimental plot using the following equations:
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Ritter = ToL T Tc (Eq. 2.2)

Rioot = TaL T Tivye (Eq. 2.3)
Rmye = Tmye T T (Eq. 2.4)
Rsom = Thi (Eg. 2.5)

The measurements and assumptions associated with the partitioning of soll

respiration are further discussed in chapters 3, 4, and 5, including data analysis.

2.2.8. Stem Respiration Rstem)
Stem respirationRs.er) Was measured using a similar portable IRGA system (EGivid
SRG1 soil chamber, PP System, UK). A PVC collar measuring 11 cm diameter and of 10
cm length was sealed to each stem at 1.3 m above ground usimgsatting sealant
(Figure 2.10. Collars wee shaped according to the curve on the stem surface in order to
provide a good seal to the stem area. Prior to installation, mosses and epiphytes were
removed to provide an optimal surface area for sealing. Collar depth on each stem was
recorded to estima CQ efflux according to the designated volume. Field methods and
equipment were adapted and modified following the RAINFGEM protocol.

Measurements were conducted on the fixed collars for 18 randomly selected trees
across one hectare, with DBH in tteange of 13.7 to 150.7 cm on clay and 15.6 to 69.4 cm
on sandy loam sites. Monthly G@fflux was measured for 120 seconds on each tree
during daytime (08:00 17:00 hours), with repetition if measurements were incomplete (<
14 seconds). Stem G@fflux measurement began in September 2008 and continued until
September 2009. Detailed measurements and scaling of fluxes to ecedgyskire

further discussed in Chapter 6.
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Figure 2.8: Soil respiration measurement using the portable IRGA Gas Exchange System
(EGM-4 and SREL, PP Systems, UK).

Figure 2.9:a) The LI8100 automated soil flux system {CIOR Inc., Nebraska, USA) and
b) a longterm chamber (810@04) in the DRT experimental plot.

Figure 2.10: a) Sealing PVC collar to stem by LK Kho, and b) a stem collar installed
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2.2.9. Validation of Measurement

The measurements as described above provided plausible methods to estimate the
components of NPP and respiration. These estimates can be integrated following a bottom
up approach to quantify the comprehensive internal carbon cycle. In order to accurately
estimate the C budget, these comprehensive measurements of carbon cycling were
validated using two independent cra$gecks. Firstly, it is assumed that the forest in
Lambir is in a quasequilibrium condition on an annual timescale and that there is
negligble interannual variability. Hence, the measurBg can be validated with the

following equation (se&alhi etal., 2009):

PI’EdiCtECRS = Dr00t+ DIitterfaII + (DCWD + RCWD) + Rrhizosphere (Eq 2-6)

where Dot IS given as root detritus for coarse and fine root NPReran iS given as
canopy NPP,Dcwp is coarse woody debris detrituRcwp is coarse woody debris
respiration, andRmizosphere IS fine roots respiration plus rhizomicrobial (including
mycorrhiza and rhizodeposits). Using this approaetalhi et al (2009)found that the
predictedRs is in good agreement with the measuiRed

The second validation method was to compare the estimated GPP from-bpttom
approach measurements, as employed in mysaghinst those estimated from flux tower
measurements (eddy covariance technique). This is necessary to test for consistency and
accuracy between both the bottam and flux tower measuremen(suyssaertet al,

2009)
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Chapter 3




Chapter 3: Diurnal Variation of Soil CO, Efflux in a Bornean Lowland
Dipterocarp Forest

Overview
Environmental factors (e.g. soil temmpture, soil water contenvary temporally at different

magnitudes and strongly influence variations in soil respiration. The facdiaespiraton

is typically measured during daytimeay mean we lack a complete understanding of its
response over the diurnal cycle. This novel study presents the result from soil respiration
measurement conducted over the diurnal cycle and comp&oabé daytime soil respiration
measurement presented in chapter 4. In addition, for the first time in a tropical forest, soll
respiration is partitioned into litter, soil organic matter (SOM), roots and mycorrhizae, in
order to elucidate the variation tifese understudied components over 24 hours. This study

partly presents the outcome of the soil respiration partitioning method employed.

Various collaboratorscontributed to this study. The experimental design was first
pioneered by Yadvinder Malhi, Wi contributing ideas from Luiz Aragdo and Daniel
Met cal fe. The meteorological data was contr
Kume. Sylvester Tan provided the assistance in establishing the experimental plot and Mohd.
Haniff Harun provided the ingtments for measurements. The study overall (including this

chapter) was supervised by Yadvinder Malhi.

" Contribution Statement: perimental design: KLK, YM, LA, DM, STdata gatherig: KLK, ST; data
analysis: KLK; interpetation of results: KLK,YM, LA, IM; author: KLK.

91



3.1.Abstract
Improved understanding of the second largest terrestrial carbon $oswdecarbon dioxide
(COy) efflux (Ry) T is essential for accurapeediction of atmospheric CQevels in the future
climate. However, the relative contributions of the different component®; @nd the
environmental factors that regulate their diurnal variation are still poorly understood,
particularly across the tropics. This study is the first attempt to explore the diurnal variation
of CO, efflux from litter (Riter), root Kooy, Mycorrhizae Rnyc) and SOM Rsow) respiration.
The intention is to determine their diurnal pattern and the effects from environmental drivers
in a primary lowland tropical forest in Sarawak, Malaysian Borneo. The mean drdfuak
9.36 + 0.23 pmol COmM™? s* (mean + standard error) measured from August 2009 to January
2010. Of this totalRiter and Rsom accounted for the vast majority, at about 40% and 45%
respectively. Smaller but clearly discernible contributions fRgsand Rnycwere detected,
at around 2 and 13% of totaRs respectively. A notable feature of this study was that
nighttime Rs was higher than daytime by 11%, due to nighttime enhancem&at.pfBased
on recent studies in Lambir, we found that the meawould have been underestimated b
50% if based only on daytime measurements and not corrected for diurnal variation.
Measurement of individuaRs components over the entire diurnal cycle provides novel
information about the dynamic interactions between plants and soil in this critically
understudied ecosystem, and highlights the major environmental drivers which will aid

prediction of terrestrial carbon cycling in the face of future climate change.
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3.2.Introduction
Soil CQO, efflux (Ry) is the second largest component of the glabalestrial carbon flux
(Schlesinger, 1977; Raich and Potter, 1995). Efflux of, @@m the forest floor surface
contributes 3080% of total ecosystem respiration in forests (Jansseals 2001; Davidson
et al, 2006; Luo and Zhou, 2006), of which therdest percentage-30% of total global
forest ecosystem respiration) comes from tropical and subtropical evergreereanoedl
forests (Raichet al, 2002). The relatively higher magnitude of soil respiration in tropical

forests suggests that tropicallsespiration is of global significance.

Total Rs is the combination of autotrophic respiration (root respiration) and
heterotrophic respiration (soil microbes and fungi and m@&so macrofauna). The dynamics
of heterotrophic components are ultimatetivein by and mediated through biotic and abiotic
factors such as temperature, water content, humidity, soil texture, photosynthesis, microbial
community, autotrophic fungi, and aboveground substrate inputs (Haetsah, 2000;
Kuzyakov, 2006; Luo and Zhek006; Subkest al, 2006). The relationship betweBaand
soil temperature is often represented as an exponential function of temperature (Lloyd and
Taylor, 1994; Rayment and Jarvis, 1997). However, it is unclear how widely applicable the
exponential faction between soil COefflux and temperature is in regard to describing the
diurnal variation inRs (Vargas and Allen, 2008a; Zimmermaeh al, 2009). In addition,
studies have shown that the relationship betwemd soil temperature is also significantly
controlled by soil moisture in tropical forests (Davidstral, 2000; Schwendenmarat al.,
2003; Chamberst al, 2004; Sotteet al, 2004; Adachiet al, 2006; Ohashet al, 2008).
While extensive studies ofthe temperature sensitivity dRs have been reported, the
relationship is still confounded by several factors, mainly kinetic properties of soil organic

compounds and environmental constraints (Davidson and Janssens, 2004;aBunity
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and Thomson, 2010isubke and Bahn, 2010). Nevertheless, understanding the temperature

dependency dRs is important in terms of predicting potential feedbacks to climate change.

Soil CG, efflux has been extensively measured and estimated over various spatial and
temporalscales in various forest ecosystems (Bbachberty and Thomson, 2010a). Several
studies have looked at the diurnal cycleRafin tropical forest regions (Meiet al, 1996;

Kiese and ButterbaeBahl, 2002; Sott&t al, 2004; Ohashet al, 2008; Zanchet al., 2009;
Zimmermannet al, 2009), but none have yet demonstrated measurements over longer time
scales and looked at the diurnal variation of fluxes in the componerf®g dthe most
common method of monitorinBs is through manual measurements that ot conducted
frequently enough to capture diurnal patterns. Furthermore, intermittent manual
measurements omit significant variations in biophysical parameters (e.g. temperature, soll
moisture, preipitation, photosynthesis thus constraining estimatis of longterm soil
carbon dynamics (Vargast al, 2010). In addition, infrequent manual measurements are
based on the assumption that the magnitude of&iix is consistent over a diurnal cycle;
however, there can be substantial diurnal variatiosodfCQ, efflux (Xu and Qi, 2001; Luo

and Zhou, 2006; Vargast al, 2010). With these uncertainties, high time resolution
measurements in tropical forest regions are imperative to determine accurate temporal (short

and longterm) CQ efflux from the soil, and to quantify ecosysteagale fluxes.

The diurnal cycle of soil and litter respiration has only been investigated at one site;
an Andean cloud forest by Zimmermaginal (2009). To date, no studies have quantified the
partitioning of Rs over a diurnal cycle time scale in a lowland tropical forest. For the first time
in a lowland tropical forest, our study determines the diurnal patternBs @nd its
components (nhamely SOM, litter, roots and mycorrhizae) at a site in Sarawakyshal

Borneo. In addition, this study examines the influence of environmental factors that may

94



drive the diurnal variation dRs in a lowland tropical forest. The specific aims of this study

are to:

1. Describe the diurnal variation of total soil respiratover time;

2. Quantify the diurnal variation dRjter, Root, Rsom andRmyc over time, and calculate
their relative contribution to totél; and

3. Assess the sensitivity dRs and other soil components to the daily variation of
environmental factors suchks soil temperature, soil moisture, rainfall, ambient air

temperature, relative humidity, and solar radiation.

3.3.Materials and Methods
3.3.1. Study Site

Measurements were conducted in a stand of lowland mixed dipterocarp forest in Lambir Hills
National Park(Lambir), Sarawak, Malaysia {# 2 6 N ,°2 61E]) 4 Lambir has
recorded tree diversity in the Paleotropics (Ashton and Hall, 1992; Davies and Becker, 1996;
Ashton, 2005), with about 10P species recorded over a 52 hectal (Condit, 2000;
Davieset al, 2005). The forest in Lambir of various genera of the family Dipterocarpaceae,
which covers approximately 85% of the total area. Comprehensive floristic and stand
structure in Lambir plot have been described by ¢keal (2002). Basal area recodiavas
between 35 and 53%ha’f or trees O 10 cm in diameter
(Phillips et al, 1994; Yamakurat al, 1996) and abovground biomass is around 520 Mg
ha® (Yamakuraet al, 1996; Chavet al, 2008). The rate of litterfall isonsistent throughout
the year and suggests little seasonal variation of leaf area index (LAI), which has a mean

estimated annual value of 6.2 m? (Kumagaiet al, 2004).
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Mean annual precipitation recorded in Lambir (from an 80 m canopy crane) for the
period 20002010 was 2,630 mm. Precipitation has a strong seasonal variation, with drier
months (177 mm mY) between February and September and wetter months (300 rifjn mo
between October and January. During the measurement period, there was a retetivgdy
wet (JanuariyMarch) and dry (AprilDecember) season in 2009, followed by mass flowering
and mast fruiting of dipterocarps (Figure 3.1). The mean annual temperature in Lambir over

the years 2000 to 2009 was 28Cwith little seasonal variation.
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Figure 3.1: The mean monthly precipitation for the period 200@L0 (column), and
monthly precipitation for the year 2009 (line) in Lambir. Error bars indicate standard error.

The soils in Lambir are regellow podzolic soils in the Sarawak soil classification
(Teng, 1996) or Acrisol$éFAO soil taxonomy, FAO, 200&nd Ultisols (US soil taxonomy,
Soil Survey Staff, 1999; Soil Survey Staff, 2006), derived mainly from shale anddteae
of the MiocenePliocene Lambir Formation (Watson, 1985; Ishizekal, 1998; Baillieet
al., 2006). Sandstorgerived soils are humult Ultisols, with densely matted fine roots on the

surface horizon, high sand content (typically 68% sand), Idwemts and low wateholding
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capacity. Shalelerived soils are clagich udult Ultisols (typically 40% sand), with a thin
litter layer on the soil surface, relatively higher fertility and high whtdding capacity.
Humult Ultisols are mainly found onages and ridge and cover about 75% of the-ba

plot, whilst the udult Ultisols are mostly on ldying valleys and cover about 25% (Davegts

al., 1998). The soils and geomorphology in Lambir have previously been described in detail

(Ishizukaet al, 198; Baillieet al, 2006; Taret al, 2009).

3.3.2. Experimental Design

A Detritus Input and Removal Treatment (DIRT) (Nadelhoéfeal, 2006; Tothet al, 2011)
experimental plot (20 m x 20 m) was established on site withridayhaplic Acrisols/ udult
Ultisols (28% clay, 31% silt, 41% sand) (Davetsal, 1998; Taret al, 2009). A thin litter

layer was present on the soil surface with an approximately 3.5 cm layer of litter and root
mat. Soil organic carbon content was low, at less than 2%, and gradeatbased to less

than 1% within 30 cm depth. Soil properties were determined at the study site and are

illustrated in Table 3.1.

The DIRT plot was divided into three replicates (T1, T2, and T3) of 11 m x 5 m. The
replicates and treatments were set apath buffer zones of 2.5 m and 1 m respectively. In

each replicate there were four treatmgots (2 x 2 m):

1. A Control (Tc) treatment, witiRs being measured (including the litter layer) in a PVC

soil collar (20 cm diameter, 11 cm length), inserted to 4 cm depth into the soil surface.

2. A No Input (Ty)) treatment containing only SOM, which excluded aboveground litter
input and ingrowth of rootsna mycorrhizae within 30 cm of the surface. All existing
surface litter was removed, and roots were extracted. A soil collar (20 cm diameter,

40 cm length) was inserted to 30 cm depth from the soil surface.
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3. A Mycorrhizal (Twyc) treatment (all existing lier layer removed), enclosed by fine
mesh bags (3fim pores size) of 22 cm diameter and 20 cm length (Plastok Ltd,
Birkenhead, UK) used to exclude roots but allow ingrowth of mycorrhizal hyphae
(Smith and Read, 1997; Johnsatral, 2001; Johnsoat al, 2002; Heinemeyeet al,

2007; Fenret al, 2010; Nottinghanet al, 2010), inserted to 30 cm depth from the
soil surface. A soil collar (20 cm diameter, 11 cm length) was inserted to 4 cm depth

onto the mesh bags.

4. A No Litter (Ty.) treatment (removed two ¥ before measurement), with soil flux
(without litter layer) being measured from a soil collar (20 cm diameter, 11 cm

length), inserted to 4 cm depth into the soil surface.

The four treatmenplots were uniformly established within the 20 x 20 m DIRT plot
to accommodate for the distance to the power supply and to ensure that weekly rotation of
chambers between replicates can be achieved. Given the long distance to the power supply
and slightly undlating terrain within the sampling site, it was only possible to maintain the
system in one position (middle of DIRT plot) and rotate the chambers weekly while
maintaining little disturbance to the treatment. Replicates and treatments were confined

within a small physical space, and thus provided a psepdicatedexperimental design.
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Table 31: Soil properties on clay soils in the DIRT experimental plot, quantified by
replicated sampling plots in a square of 0.5 x 0.5 m.

Soil Layer Horizon Depth(cm) pH (H.0) Bulk C-stock N (%) Organic C (%)
Density (kg C m?
(g cm)
Litter L 35 6.2 - 1.09 0.76 20.0
Organic O 3 4.4 0.7511 1.37 0.08 1.47
Humic A 8 4.3 0.9044 1.65 0.07 0.83
Mineral B1 10 4.8 0.9946 1.81 0.04 0.34
Mineral B2 10 4.8 1.0102 1.83 0.03 0.29
Mineral B3 10 49 1.0167 1.85 0.03 0.24

NB: Bulk density was determined using sampling cores of 76 mm diameter and 50 mm height. Soil
samples were analysed at the Sarawak Agricultural Research Centre, Semonggok, Sarawak, Malaysia, for:
pH (H,0); total organic carbon by dry combustion method at’G0®ith a LECO RE412 carbon
determinator; and total N by dry combustion with a LEPGGEB nitrogen analyser (Chin, 2002)

3.3.3. Soil CO, Efflux Measurement

ContinuousR; rates were measured with aCor 8100 automated closed chamber system
(LI-COR Inc., Nebraska, USA), with four loitgrm chambers placed onto designated soil
collars on the four treatmeptots, which were established on 14 July 2009. Measurements
startedtwo days after installation (16 July 2009) and continued for six months until 24
January 2010. The four lortgrm chambers (one for each treatment) were placed onto PVC
soil collars on one subplot, and remained in position for one week before beingd iotate

the second and third subplots for one week each (see weekly measurement routine in
Supplementary Material Table S3.1). Within each subplot, sequential measurements rotated
once every 210 seconds automatically and continuously across the four mteafinehen

Tni then Tuye then Ty.) for seven days. For each treatment, soil,@Blux rates were
measured for 120 seconds and determined from the rate of lingao@¢Eentration increase
within the closed chamber over the measurement period. Flux rates are calculated based on a
linear besfit equation using the L8100 File Viewer (2.0) software (ICOR, Inc.,
Nebraska, USA). A linear fit to the concentration detas found adequate in all cases

(typical r? = 0.90), with the first few seconds of data being removed if they deviated from a
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linear relationship. Measurement times were kept between 90 and 180 seconds in order to
avoid errors in C@flux estimates due texcessive build up in chamber €€bncentration.

The longterm chamber automatically lifted away from the soil measurement point when a
measurement was not in progress so as to allow free ventilation of the chamber and soil

surface.

In addition, soiltemperature and moisture were also recorded. Soil temperature was
recorded using a Type E thermocouple probe (Omega Engineering, Inc., USA) on the saill
surface (010 cm). The volumetric soil water contents were quantified with the ECH® EC

soil moisture pobe (Decagon, Pullman, USA), inserted to 5 cm depth.

3.3.4. Estimation of Partitioned R

The partitioning of CQefflux was based on the following calculation:

Rs, measured as G@fflux from theT¢ treatment, can be separated into four components:

Rs = Rsom *+RroottRiittertRmyc (Eq. 3.1)

where CQ efflux from soil components was derived from the four treatments established,

and estimated by the following equations:

1. Rsom was measured as G@fflux from the Ty, treatment, which consists of only
SOM

Rsom = Tni (Eq. 3.2)

2. Root respiration was estimated by:

Rioot = TaL T Tvye (Eq. 3.3)
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3. Litter respiration was calculated as follows:

Ritter =Tc T ThL (Eq. 3.4)
4. Mycorrhizal respiration was determined as follows:
Rmye = Tmye - T (Eq. 3.5)

Similar methods have been successfully employed in various soil efiix
partitioning studies (see Hansat al, 2000; Kuzyakov, 2006; Subket al, 2006 for

reviews).

3.3.5. Data Analysis

The soil efflux rates obtained using the- 8100 File Viewer (2.0) software ({(COR Inc.,
Nebraska, USA) were averaged into hourly mean flux rates for each day of the measurement
period between August 2009 and January 2010 (Supplementary Material TablEh&1)

efflux rates of the soil components (iRowm, Riter, Rioo @NdRmyc) were determined based on
Equation 3.1 and were averaged into hourly mean flux rates for each day of the measurement
period. Data were analysed between September 2009 andylanaar(Week BWeek 20),

which was identified as the equilibrium phase. We analysed the patt&naoid its soil
components over daily (24 hr) cycles and the measurement period in each replicate. We used
analysis of variance (ANOVA) to test for differaasc between measurement phases, soil
treatments and soil components. Statistical outputs are reported as the test sigtistibs (
degrees of freedom in subscripts) gndalue. All uncertainties were reported as standard
errors and were propagated whaexessary by a quadrature of absolute errors (Malai,

2009), with the assumptions that the uncertainties are independent and normally distributed.
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Although we had replications within plot (20 x 20 m), it was impossible to establish
desirable repliations in such small plot, and thus yielding a pseudo replicated design
(Hurlbert, 1984) However, treating the replicates as random effects allowed the
generalization of the effects of fixed explanatory variables to(Beek, 1997) In addition,
days and hourly measurements were also included as random effects. Soil moisture, soll
temperature, treatments were considered as fixed effects. The use of such data in statistical
analyses is valid when successive dates were not treabedependent replicatgsiurlbert,

1984) We present the Markov chain Monte Carlo method (MCiM§&t)mated pralues that

are considered significant At= 0.05 level(Baayen, 2008)We used Restricted Maximum
Likelihood (REML) General Linear Mixed Models (M) to examine the relationship
between soil C@efflux and the environmental variables. We followed the guidelines from
(Bolker et al, 2009)to fit reasonably accurate models incorporating random effects and
interpreting statistical inference. Statistieaalysis was conducted using R (2.13.0) statistical
software (R Development Core Team, 2011) and the R package¢Baie4 and Maechler,
2010) and languageRBaayen, 2009)Results are plotted using Sigmaplot (10.0) software

(Systat Software Inc.).

3.4.Reallts
3.4.1. Experiment Establishment and Disturbance Effects
Diurnal soil fluxes measured frofiiy;, Tc, Tne, andTuye during the initial phase from July to
August 2009 (WeekiWeek 7) was relatively disturbed because of installation treatments
that may have disrupted soil structure and organic matter (Supplementary Material Figure
S3.1). Soil CQ fluxes appeared to stdise after three months of plot establishment, from
September 2009 to January 2010 (WeékvB8ek 20), which we termed the equilibrium

phase. However, soil GOfluxes were not significantly different between initial and
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equilibrium phasesH; 14 = 3.5, p = 0.08). We found significant main effects of replicates
(F214= 51.1,p < 0.01) and treatment$414 = 16.3,p < 0.01) on the soil fluxes measured
from Ty, Te, Tane, andTuye. We also found a significant interaction of treatment and phases
(F314=4.2,p < 0.05). Although initial phase was higher than equilibrium phaséioiy,
andTyye, @ Tukeyob6s pairwise comparison showed t
all treatmentsg < 0.05).

We observed a progressive decline Rgoy, but an increase imRjwr across all
replicates over time (Figure 3.2), although we found no significant difference of interaction
between soil components and phases{= 1.0,p = 0.43). There was significant main effect
of soil componentsHz14 = 7.2, p < 0.01) on the soil COQe f f | u x . A Tukeyos
comparison showed significant differences betwBes and Ryyc (p < 0.05), and between
Rsom andRioet (p < 0.01). The trend ifRnyc and R0 Were variable across all three replicates
throughout te measurement period (Figure 3.2), witlesshowed relatively consistent trend

in the equilibrium phase.

3.4.2. Diurnal Variation of Rsand Soil Components

The mean diurnal cycles of soil G@ffluxes and environmental conditions are shown in
Figure 3.3. There was a notable diurnal cycleRnover the 13 weeks of continuous
measurement from September 2009 to January 2010 (Figure Rs3as fairly constant
overnight, began to decline arou@8:00 h, reached a minimum around 12D€00 h, and
returned to nighttime values by 22:00 h, before declining slowly over the rest of the night
(Figure 3.3a). This mean diurnal cycle patternRpfwas observed in all three replicates
(Supplementary Matel Figure S3.2a, S3.2b, and S3.2c¢). Although there was a distinct
diurnal pattern, we found no significant differenég {4, = 0.3,p < 0.60) between miday

(10:00 15:00 h) and miahight (22:0003:00 h) diurnal soil fluxes. We found significant
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main effect of soil component¥§1,=4.7,p< 0. 05) on the diurnal S

pairwise comparison showed significant difference betviregf andRoot (p < 0.05).
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Figure 3.2: The variation of total soil COefflux (R), SOM [Rsowm), litters Riter),
mycorrhizae Rnyc), and root Roor) in each replicate of Tg), T2 (+), and T3 ) from 16

July 2009 (Week 1) to 24 January 2010 (Week 20). See Supplementary Material Table S3.1
for measurement period. Each point is the hourly average in unite@fCQ, m? s*. Error

bars are standard error of the mean.
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We focus our estimation and analysis on the equilibrium phase between September
2009 and January 2010. On a daily basis, nfeamas 9.36 + 0.23 umol COM? s™ . Riter
contributed 3.71 + 0.27 umol G@n? s or about 40% to totdRs (Table 3.2), and showed a
similar diurnal pattern to that d% (Figure 3.3a)Rsom (4.25 + 0.38 pmol C@m? s* or
45%), Rmyc (1.18 £ 0.24 pmol COM™ s* or 13%), ancReot (0.22 + 0.161mol CO, m™? s* or
2%) showed the least diurnal variations (Figure 3.3a). The overall Rganmay be
underestimated due to an anomalous negative mean soil flux measured in T3 (Figure 3.2).

MeanR,.t Would have been estimated at 1.22 + 0.18 pumao} @Os?, if T3 was excluded.

Soil temperature averaged 247and showed a distinct mean diurnal pattern (Figure
3.3b). Soil temperature increased from a minimum at 08:00 h to a maximum at 17:00 h,
before declining steadily overnight. The daily volumetriatev content was very low, with
mean soil moisture of 14.3%. Soil moisture increased from 11:00 h to a maximum at 17:00 h
during the day, before steadily declining from 17:00 h to 00:00 h (Figure 3.3c) during the
night. Soil moisture increased from a minim at 00:00 h to 05:00 h overnight, before
declining again at 08:00 h to 11:00 h (Figure 3.3c). Hence, the period of dedinamy

Riter cOrresponded to a period of increasing soil temperature and soil moisture (Figure 3.3a).
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Figure 3.3: a) The man diurnal CQ efflux (umol CQ m? s of total soil respirationRs:
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mycorrhizae Rnyc: White triangle) across all three replicates. Mean diurnal aycle) soil
temperature °C), and c) soil moisture (%) across all three replicates. Values are hourly
averages from September 2009 to January 2010. Error bars are standard error of the mean.
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Table 32: Mean soil CQ efflux (umol CQ m? s) for total soil respiration Ry), SOM

(Rsowm), litter (Riter), root Roo), and mycorrhizae Ryny) in equilibrium phase from
September 2009 (Week 8) to January 2010 (Week 20) across all replicates (T1, T2, and T3).
Values are estimated based on hourly averagesafdr day. Data exclude Week 1 to Week 7
due to disturbance effects. Errors are reported as standard error of the mean.

T1 T2 T3 Mean solil efflux  Fraction (%)
Rs 8.39+0.21 7.94+0.29 11.74+0.58 9.36 £ 0.23 100
Rsom 1.82%+0.17 2.89+0.17 8.04+1.12 4.25 +0.38 45.4
Riitter 438+0.20 2.07+0.34 4.68=%0.70 3.71 £0.27 39.6
Rroot 1.30+0.20 1.15+031 -1.80 N 0.22 +£0.16 2.3
Rinye 0.89+0.15 1.83+0.35 0.82+0.61 1.18 £0.24 12.6
A Mean di uR&:dTh T Mk were mmégative because mean hourly fluxesTgf. were

consistently higher thafy, in T3.
NB: No significant difference between means across replicBies=(0.21,p = 0.82) and soil components
(Fs6=2.2,p=0.19) using tweway ANOVA model ajp < 005.

3.4.3. Comparing Daytime and Nighttime Diurnal Soil CO, Fluxes

The most remarkable feature of the study was the daytime decrease 6iXe® fromR;,

Riter, Rmye: @ndRsowm, contrary to what would be expected if heterotrophic respiration was
positively related to soil temperature. We quantified the daytime depression by subtracting
mean daytime soil COefflux from mean nighttime soil COefflux. The magnitude of
nighttime soil fluxes was consistently higher than daytime fluxe®R0énd Rjer, With
consistent daytime depression over time across all replicates within the equilibrium phase
(Figure 3.4). The mean nighttime diuri@l(9.91 + 0.24 pmol COm? s*) was 13% higher

than daytime (8.80 + 0.22 umol G@? s, although the difference was rsignificant € 4

= 0.4,p = 0.55). The mean amplitude Bf was 1.11 + 0.32 umol COm? s* across all three
replicates. Although the magnitude of nighttilRger was approximately 30% higher than
daytime, there was no significant differenée {= 0.6,p = 0.47) and the daytime depression
declined after Week 16 (Figure 3.4). The mean nighttime fluR;@f was 4.19 £ 0.26 pumol

CO, m? s?, while the daytime flux was 3.23 + 0.28 pmol £@? s'. The amplitude of
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daytime depression iRsom and Rnyc Were approximately 3% and 11% respectively, while

Rroot Showed no trend with time (Figure 3.4).
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Figure 34. The amplitude of daytime depression during the equilibrium phase from
September 2009 (Week 8) to 24 January 2010 (Week 20) for total soil respiRajidittér
(Riitter), root Rroo), mycorrhizae Rnyc), and SOM Rsowm) across all replicates (T1: ciesl, T2:

plus, and T3: triangle). Daytime depression is the difference in soil efflux between nighttime
(18:00'06:00 h) and daytime (06:008:00 h). Positive daytime depression indicates a higher
nighttime efflux magnitude while negative daytime depressidicates a higher amplitude

of daytime fluxes. All fluxes are in units umol G@n? s*. Standard errors of the mean are
plotted as error bars.
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3.4.4. Environmental Factors Affecting Diurnal Rsand its Soil Components

Soil temperature showed a strong overall positive effect to dilRadREML GLMM:
MCMC-p < 0.001) anRsom (REML GLMM: MCMC-p < 0.01), while there was a strong
negative effect toRjwer (REML GLMM: MCMC-p < 0.01) andRyy. (REML GLMM:
MCMC-p < 0.01). However, soil temperature did not show any effectRgn (REML

GLMM: MCMC-p = 0.61). (Supplementary Material Figure S3.3). Soil, @®lux was
decoupled from soil temperature between 08:00 and 12:00 h and 18:00 and 22:00 h (Figure

3.3a and 3.3b).

Soil moisture had no significant effect to diuridl (REML GLMM: MCMC-p =
0.05) andRot (REML GLMM: MCMC-p = 0.08). (Supplementary Material Figure S3.4).
There was a strong positive effects Biger (REML GLMM: MCMC-p < 0.01) andRmyyc
(REML GLMM: MCMC-p < 0.01), while soil moisture showed a negative effecR&sm

(REML GLMM: MCMC-p < 0.01).

Over daily variation, air temperature had no effecRo(REML GLMM: MCMC-p =
0.14), Root (REML GLMM: MCMC-p = 0.80, andRuyc (REML GLMM: MCMC-p = 0.78.
There was a significant negative effect of air ambient temperatuRy@(REML GLMM:
MCMC-p < 0.01), and a strong positive effect Rgopm (REML GLMM: MCMC-p < 0.01)

(Supplementary Materials Figure S3.5).

The daytime depressions (between 06:00 aAd0 h) of Riter and Rsom had a
significant positive effect due to air ambient temperature (REML GLMM: MGM€O0.05).
The daytime depression &%, had a significant negative effect from both soil temperature
(REML GLMM: MCMC-p < 0.05) and moisturd&REML GLMM: MCMC-p < 0.05). We did

not find any effects on the daytime depression3s@ndRqot.
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To explicitly determine the effect of these environmental variables on daytime
depressions, we related the depressions within the lowest sgief@lix period (between
10:00 and 14:00 h) to soil moisture, soil temperature, air ambient temperature, vapour
pressure deficit (VPD), and solar radiation in the same period across the replicates. Daytime
depression index oRs, Riwer and Ryye did not slow any significant effects to any
environmental variables across all the replicates. However, air temperature showed a strong
effect againsRoo: (REML GLMM: MCMC-p < 0.05) andRsom (REML GLMM: MCMC-p
< 0.05) across the replicates (Supplementary Matdfiglsre S3.6). In addition, the daytime
depression index foRsom increased with VPD REML GLMM: MCMC-p < 0.05)

(Supplementary Materials Figure S3.7).

3.5.Discussion
3.5.1. Daytime Depression of Diurnal Soil CQ Efflux

To our knowledge, this study is the first attempt to quantify and understand the diurnal
pattern ofRs and its soil components in response to environmental drivers in a lowland
tropical forest. Contrary to previous studies, our results show a consisyénteddepression

in soil CQ, efflux over six months of diurnal measurement. In tropical forests, lower and
constantRs during the night has previously been reported as opposed to higher and more
variable Rs during the day (Meiret al, 1996; Sottaet al, 2004; Ohashiet al, 2008;
Zimmermanret al, 2009). However, comparable daytime depressions have been observed in

tropical forests elsewhere (Vargas and Allen, 2008b; Zastaddi, 2009).

In order to explain this daytime depression in soil,@@lux (ard in particular litter

layer CQ efflux), we explore two hypotheses:
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1) There may be daytime plant uptake of dissolved @®the transpiration stream of
roots; and
2) The litter layer dries in the daytime and reduces heterotrophic respiration of this

litter layer.

For hypothesis 1, C{ran be transported upwards to plant tissues in flowing sap by taking up
soil dissolved inorganic carbon (DIC) via the roots (Levwl, 1999; McGuire and Teskey,
2004; Fordet al, 2007; Saveyret al, 2007; Teskey ahMcGuire, 2007). During daytime,
when tree is transpiring, a large proportion of respired SQ@arried upwards in a xylem
stream resulting in a depression. If there is a higher rate of daytime transpiration and sap
flow, we would expect greater daytirdepression iR However, there was no discernible
evidence of daytime depression observe®gg: over this period. One possible explanation
for this is that the degree of acclimationRx to temperature sensitivity may have occurred
rapidly (rapd changes in the demand for adenosine triphosphate (ATP)) (éttlah 2000),
resulting in lower rates and little diurnal variation observeR g, as is the case observed in
this study.

With regard to hypothesis 2, another plausible reason fataytme depression &
may be the diurnal changes in the litter environmentRas largely drives the diurnal
variation of Rs at this site (Figure 3.3a). Heterotrophic respiration resulting Ry is
predominantly controlled by microbial agty on the soil surface. Higher VPD during
daytime in our site may have caused the litter layer to dry out, and therefore caused
unfavourable litter layer conditions for microbial metabolism. The soil layer, in contrast,
would be more shielded from diutnaariations in litter humidity and would not be expected

to show diurnal variations in respiration rates, as is the case observed here. We did not have
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direct measurements of the litter layer moisture content through which to validate this

humidity hypotlesis.

3.5.2. The Effects of Environmental Drivers to Diurnal Total Rs and Soil
Components

The effect of replicates on diurnal tof&l and its soil components is relatively substantial
(65%). This is largely attributed to the high spatial heterogeneity in our studpbkéshiet

al., 2008)and the dynamic changes in litter compon€Bisttaet al, 2004; Metcalfeet al,

2007) In theT3 site, soil CQ efflux has been showing unusual behaviour throughout the
measurement period with constant potential outliers (Supplementary Material Figure S3.1).
Although highly variable, the average soil £@fflux measured over time shows that
different locations may have different diurnal and seasonal variations (Supplementary
Material Figure S3.2). These variations may have been caused by the amount of plant litter at
different locations, which has been suggested to increaseRotallowing an incease in

plant litter input(Sayeret al.,, 2011)

It is generally acknowledged that soil respiration increases exponentially with
temperature when soil moisture or other factors are not limiting (Singh and Gupta, 1977;
Raich and Schlesinger, 1992; Llogdd Taylor, 1994; Kéattereat al, 1998; Reichsteiet al,

2003). In this study, the strong effect between tBtand soil temperature is comparable to
similar studies over a diurnal cycle time sc@largas and Allen, 2008; Zancht al, 2009;
Zimmermannet al, 2009) Soil temperature is a better predictor of t&akt diurnal time

scale mainly due to strong diurnal changes in soil temper@Ragment and Jarvis, 1997;
Bajracharyaet al, 2000; Xu and Qi, 2001 However, daytime depssion ofRs cannot be
explained by soil temperature possibly due to water stress or other contributing factors. This

daytime depression may be partially attributed to the strong effect of soil temperature on
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Riter, Rmyc @nd Rsom, perhaps since the clges of temperature were more closely linked to

metabolic activity on the soil surface and litter layer (Settal., 2004; Ohashet al,, 2008).

The apparent lack of response of tdRakto soil moisture may be attributed to very low
soil moisture content over the measurement period. Soil moisture is a major controlling
factor, which largely influence soil Gfflux and soil temperature (Davidsen al 2000).

Given that the soil is mas#ieby the effect of soil moisture, it is not surprising that litter,
mycorrhizae and SOM show strong effect to soil moisture. In this study, the dry period
caused low variability in soil moisture, which may have led to a weak effect on sgil CO

efflux.

3.5.3. Diurnal Total Rsand its Soil Components

Based on our other recent study in the same plot, daytime mean s@ffC® is estimated
at 17.6 + 0.8 Mg C hayr’ over 15 months (see Chapter 4; Két@l., submitted2012).
Correcting for differences in nighttime and daytime fluxes, measured in this study, we revise
this estimate of mean annuRJ/to 35.5 + 0.87 Mg C hayr™. Therefore, meaRs may have
been underestimated by 50% if based only upon daytime measuseras is common in
many studies. Parkin and Kaspar (2004) suggested that errors of up to 60% may be computed
if diurnal variations and hysteresis are not accounted for. By comparison, Zimmestre&dnn
(2009) found an overestimation of 60% if mean anragdll respiration was estimated by
daytime measurement in a tropical montane cloud forest. Hence, betlardhyighttime
efflux for Ry and its soil components are required if one wishes to provide a complete
estimate of longerm mean dailys rates.

Our high annual estimate agrees with similar measurements recorded in tropical
forests elsewhere (Vargas and Allen, 2008b; Zarathial, 2009). Moreover, a wide

fluctuation between daytime and nighttinke has been reported in Lambir previously,
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possibly dueo episodic high precipitation during the day and higher rates of root respiration
(Ohashiet al,, 2008).

Little is known about the lonterm diurnal cycle oRs and how the soil components
contribute to totaRs. This study is the first attempt to report the diurnal patterns of Rgtal
and its underlying soil components in tropical forests. Further investigations with
combinations of multiple techniques (e.g. isotopes, eddy covariance) are required in order to
establish if there are any effects of environmental drivers in regard to diyaad its soil
components. Given the fact that spatial heterogeneity is high and sporadic and high,soil CO
efflux have been observed in Lambir, it is important to conduct diurnal measurement across

larger spatial area.

Although we speculated that two main hypotheses may explain the daytime
depression of diurnd®, our results should be treated with cautiod &uther investigations
are needed to validate our findings. It is possible that a combination of physical and
biological processes, the dynamics of roots and rhizomorphs, apdifi@ivity could be
driving the daytime depression effect (Vargas andrAl2008a). Hence, continuous leng
term measurements will be crucial in order to provide a better understanding of the
mechanisms controlling diurnal patternsRafand its underlying soil components, as well as

to accurately predict the contribution of ISBD; efflux in the carbon cycle.

3.5.4. Differences in IRGA systeni The EGM-4 and LI-8100
In this studywe foundsubstantial differences in soil CE€fflux measured using two different
IRGA systems. Considering only daytime measurements between 08:00 and 17:00 h, the soil
CO, efflux obtained using the k3100 automated closed chamber systemCOR Inc.,

Nebraska, USA) was significantly higher (Tald, Chapter 3; Table 4.1, Chapter 4) than
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those obtained using a portable InRad Gas Analysis (IRGA) EGM system (PP Systems,
UK).

There have been numerous studies to compare the methods and different systems used
for soil respiration measuremeay et al, 1994; Bekkwet al, 1997; Normaret al, 1997,
Le Dantecet al, 1999; Davidsomt al, 2002; Yimet al, 2002; Lianget al, 2004; Pumpanen
et al, 2004) A recent study was conducted in Waygecha, Peruvian Amazon to compare the
soil CQ;, efflux using both the EGMI and LI8100 systems Measurements were made for
every 5 minutes on 17 August 2009 between 12:00 and 17:00 h. The4E(ides were
approximately 5% higher thathe L8100 [LI-8100 = 0.8593KGM-4) + 0.3402,r% = 0.64]
with approximately 80% higher average standard errors (Zimmermapaobplished data In
addition,Janssenst al (2000) showed thathe closed dynamic chambesing the EGMW4
systemsystematically measure the highest fluxes relative to other systdrassyStematic
differences detected among different systems can be corrected using correlation factors
between 0.82 to 1.4°umpaneret al, 2004; Luo and Zhou, 20Q68)Ysing these correlation
factors, the soil Cefflux between EGM4 and LE8100 in this study is in close agreement.
This implies that the differences in soil €€fflux observed in both the studies (Chapter 3
and Chapter 5) are not entirely due to the IRGA models used.

One possible explanation toetllisparity between the IRGA systems is the frequency
of measurements carried out in the course of the two studies (Chapter 3 and 4) and using
different IRGA systems. Soil CCefflux using the EGM4 was obtained from a designated
soil collar (11 cm diametg 10 cm length) for 120 seconds, measured three times every
month. However, the 8100 system measured soil £€¥flux from a designated soil collar
(20 cm diameter, 11 cm length) for 210 seconds continuously at intervals of approximately
14 minutes ove?4 hour cycle. Hence, automated soil &&lux measurements were able to

capture and observe continuous siterin variation that may include rapid pulses from
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precipitation or microbial activityVargaset al, 2010) Frequent occurrences due to these
episodic pulses may have enhanced the release of seieffiOx over time. The range of
variation measured between 08:00 and 17:00 h (equilibration period) averaged 5.31 pmol
CO; m? s?, with the highest flux estimated at 16.2 pmol £@2 s*. Similarly, this is
supported by previous study in Lambir showing high spatial heterogeneity and soil CO
efflux varied widely in space, with extremely high fluxes over 10 pmo} @3 s* (Ohashi

et al, 2008)

3.5.5. Mycorrhizal Treatment Design
Errors related to laterdiffusion of CQ can be either negligible or indeed avoided altogether.
Firstly, this is evident from the observations of L£é€¥flux measured fronily,y. which
showed a declining trend during the initial period and remained relatively stable throughout
the equilibrium period (Figure S3.1). If there were lateral diffusions of, @@ would expect
soil CO, efflux measured fronT,yc to be disturbed and likely to show an increasing trend as
a result of the diffused GCentering the mesh bag. Furthermore, mylwaal respiration in
this study accounts for approximately 12% of total soil respiration, which is comparable to a
recent study using a similar mesh bag meitidmttinghamet al, 2010)

Secondly, the differences in GOoncentration between the outside and inside of the
mesh bags can be partially overcome by estimd®ing as a fraction 0Rmnyc + Riizo. The
theoretical proportion (1/x) oRmyc Or Rmizo diffusing into the treatment cores can be
cancelled out, and thelationship remains constant even if there is lateral diffusion of CO
into the treatment cores, assuming that the proportional diffusion is equal in all cases
(Moyanoet al., 2008)

Although we have been able to partition the extraradical mycelia, nyzae

respiration may be underestimatéNottingham et al, 2010). This ispartly because
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measurements of G@fflux capture only the ingrowth of hyphae or mycelia within the mesh
bags and therefore do not include the mycorrhizae biomass that is in ake ro
Ectomycorrhizal biomass is present in all dipterocarp t(&asgh, 1966; de Alwis and
Abeynayake, 1980; Alexander and Hogberg, 1986; Lee, 1990; ®ealy 2010)and may
comprise up to 20% of root weigf®mith and Read, 1997Dur study providesignificant
insights into the source of GCefflux from the mycorrhizae component in a lowland
dipterocarp forest, and thus shows that mycorrhizal fungi represent an important source of
soil respiration. However, further information is needed for a fullederstanding of
mycorrhizae respiration in regard to the community composition of mycorrhizae and the

entire soil fungal flora.

3.6.Conclusion

There was a notable diurnal variationRacaused byRjer, With a daytime depression. The
nighttime soil CQ efflux in this study was higher than daytini&om appeared to be the
largest contributor t&, followed by contributions fronRiter, Rmyc, aNd Rioor,. There was no
significant relationship between diurnal soil £€¥flux and soil temperature. In addi, soll
moisture and solar radiation did not fully explain the diurnal variatioRsadnd the soil
components. This study highlights the importance of@mm day and nighitime efflux for
Rs and its components to shed light on mean daily rates amkInsoil CQ efflux over

spatial and temporal patterns.
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3.9.Supplementary Material

Table S3.1:The dates for weekly measurement routine of three replicates (T1, T2, and T3) in
DIRT experimental plot.

Measurement week Date Subplot
1 161 19 Jul 2009 T1
2 201 24 Jul 2009 T2
3 29 Jul 2 Aug 2009 T3
4 3i 9 Aug 2009 T1
5 10i 16 Aug 2009 T2
6 17123 Aug2009 T3
7 241 30 Aug 2009 T1
8 31 Aug 6 Sep 2009 T2
9 71 12 Sep 2009 T3
10 14i 20 Sep 2009 T1
11 12118 Oct 2009 T1
12 191 23 Oct 2009 T2
13 26 Oct 1 Nov 2009 T3
14 21 7 Nov 2009 T1
15 9i 15 Nov 2009 T2
16 16/ 22 Nov 2009 T3
17 23129 Nov 2009 T1
18 30Novi 2 Dec 2009 T2
19 11717 Jan 2010 T3
20 1824 Jan 2010 T1
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Chapter 4




Chapter 4: Magnitude and Seasonal Variation of the Components of Soll
CO, Efflux in a Lowland Tropical Forest in Borneo

Overview
This study presents the magnitude and seasonal variation afespitation in a lowland

dipterocarp forest. In addition, this study seeks to understand how soil respiration is
partitioned into litter, soil organic matter (SOM), roots and mycorrhizae, and how these
components vary over the seasonal cycle. Using theespiration partitioning method, this
study is able to examine the variation in each soil component over the seasonal cycle and

their response to environmental factors.

Various collaborators made this study possible. The experimental design was
contributed by Yadvinder Malhi, and later supported by Daniel Metcalfe. Sylvester Tan
provided field assistance and Mohd. Haniff Harun provided the instruments for field
measurements. Tomooomi Kumagali and Tomonor.

Lambir.

" Contribution Statemenéxperimentatiesign: KLK,YM, LA, ST; data gathering: KLK, STata
analysis: KLK; interpretion of results: KLK, YM, LA, DM; paper writing: KLK.
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4.1.Abstract
Soil carbon dioxide (Cg) efflux (Rs) constitutes the second largest terrestriap €@rce but
the behaviour and relative contribution of different soil componenki temain uncertain.
The partitioning of soil into litter, root, mycorrhizae, and SOM respiration is crucial in aiding
our understanding of how these underlying soil components are drivingRtataer space
and time. In previous studies, a wide range ethuds have been used to partition t&al
but these studies have mainly focused on temperate ecosystems whilst tropical forests have
received relatively little attention. We examined patterni’s@ind its soil components on two
soil types in a Bornearlowland dipterocarp forest, determining the responses to
environmental factors. The mean annRaVaried between 11.2 and 14.6 Mg Cllya’, with
distinct seasonal patterns and spatial differences on clay and sandy loam over the two years
of observationAcross both sites, mean annRalvas partitioned into 6.1 + 0.3 Mg C'ha™
(mean + standard error) from SOMsbw), 2.8 + 0.4 Mg C hayr™ from roots Rio), 2.6 *
0.4 Mg C hdyr* from litter (Rixer), and 1.5 = 0.3 Mg C hgr ™ from mycorrhizae Ruyo).
Heterotrophic respirationR{) T including litter, SOM, and mycorrhizae components,
accounted for 78% of tot&; and was mainly derived from SOM and litter. By comparison, a
relatively minor portion oRs was autotrophicRy) in origin. Monthly mearRs was negatively
correlated with soil moisture, but increased exponentially with soil surface temperature. Litter
respiration showed a significant positive relationship. In multiple linear regression, soil
moisture explained 66% of tot& in the onehectare plot, but showed a relatively weak
effect on Riter, Rsom and Rmy. This information improves our understanding of the
underlying factors determining spatial and temporal variatioRs iwithin an important but

acutely understudied hie.

136



4.2.Introduction

Soil carbon dioxide (C@ efflux (Ry) accounts for a large proportion of total biosphere
respiration and is the second largest terrestrial carbon flux (Schlesinger, 1977; Raich and
Potter, 1995; Davidsoet al, 2006; Luo and Zhou, 2006). Twhbirds of this flux comes from
tropical and subtropical forests (Raiatt al, 2002). In addition,Rs is sensitive to
environmental factors and these interactions are critical for regulating the global carbon
balance (Raic and Schlesinger, 1992; Davidson and Janssens, 2006). Therefore, even a small
shift in Rs across tropical ecosystems could have a major impact on the global carbon cycle

and hence the rate of climate change (Jenkiesah, 1991; Davidson and Jansse2306).

Total Rs is derived from autotrophic respiratiolR, by roots and heterotrophic
respiration R,) by microbes that decompose surface organic litter, root tissues and exudates,
SOM, and mycorrhizal fungi. These sources of soib @@lux exhibit different patterns of
spatial and temporal variation, and respond differently to environmental drivers such as
temperature, water and light availability. Studies have shown that these soil components are
driven by microbial activities and influenced by soilveonmental factors such as soll
temperature, water content, pH, and other biophysical characteristics (Schlesinger, 1977;

Raich and Schlesinger, 1992; Lloyd and Taylor, 1994; Retiet, 2002).

The partitioning ofRs into R, and R, has received considerable attention, as the
responses of these soil components are important for understanding the underlying soll
processes that contribute to toR and their sensitivity to environmental changes, which
have significant implications foplant soil interactions and ecosystem carbon cycling. To
date, numerous partitioning methods such as-dwamtt (modeling, maskalance,
subtraction, and root mass regression),-1Isotopic (component integration, root exclusion,

and substratenduced repiration), and isotopic techniques have been applied and evaluated
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to estimate the contribution of soil components to tBtglHansonet al, 2000; Kuzyakov,

2006; Subkeet al, 2006). However, the interactions Bf and its soil components with
environnental factors are still uncertain and data limited (Kuzyakov, 2006; Metetké,

2007; Heinemeyert al, 2011; Kuzyakov, 2011). Furthermore, most advances in soil
partitioning methods have been established in temperate and boreal forests or grégsestands
Hansonet al, 2000; Subkest al, 2006 for review), with relatively few studies conducted in
tropical forests (Ogawa, 1978; Nakane, 1980; Trumbbed, 1995; Liet al, 2004; Silveret

al., 2005; Metcalfeet al, 2007). Silveret al (2005) exammed root efflux in a lowland moist
Amazonian forest using both trenching and mzelance approaches, finding that both
approaches yielded similar estimates. In the Southeast Asian region, Nakane (1980) used the
massbalance approach to determine tRatcontributed about 50% of tot#s. In addition,

recent studies in the Amazon have found mean annual heterotrophic contribution in the range

of 30r 52% ofRs (Metcalfeet al, 2007; Zimmermanat al, 2010).

The principal objective of this study is to quantify tof&l and partition its
components (from surface organic litter, roots, mycorrhizae and SOM), on sandy loam and
clay soils in a lowland dipterocarp forest located in Lambir Hills National Park iwSkya
Malaysian Borneo. In addition, we examined the temporal variability of Rtand its
individual components, exploring correlations amongst our partitionegd fl0© data and
environmental factors such as soil temperature and soil moisture. Spigcifiecaaddressed

the following scientific questions:

1. What is the mean annual flux frolR; and which environmental factors control its

temporal variation?
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2. How is totalRs divided into component fluxes (litter respiration, soil organic respiration,
root ard mycorrhizal respiration), how do these components vary seasonally, and which

environmental factors control this variation?

3. Are there any significant differencesRyand its components between the clay and sandy

loam sites?

4.3.Materials and Methods
4.3.1. Study Site

This study was carried out in a lowland Bornean mixed dipterocarp forest in Lambir Hills
National Park, Sarawak, Malaysia®@ 2N, 114 2 &). Lambir is dominated by various
genera of the family Dipterocarpaceae, and has the highest recorded tree diversity in the
Paleotropics (Ashton and Hall, 1992; Davies and Becker, 1996; Palneibtb, 2004).
Approximately 1,200 tree species were reedr@ver a 52 hectare forest dynamics plot in
Lambir (Condit, 2000; Daviest al, 2005). A comprehensive description of its floristics and
stand structure was presented by keal (2002). The basal area of trees > 10 cm diameter
at breast height is begen 35 and 53 frha® (Phillips et al, 1994; Yamakurat al, 1996)
and aboveground biomass is approximately 260 Mg Cif#amakuraet al, 1996; Chavet
al., 2008). These values are much higher than those typically reported from South American
or African tropical forests (Maltet al, 2006; Lewiset al, 2009), reflecting the tall stature
and large diameter of the Southeast Asian rainforest trees. The rate of litterfall is consistent
throughout the year and suggests little seasonal variation of riemfiredex (LAI), with a
mean estimated annual value of 6.2m¥ (Kumagaiet al, 2004). The dipterocarp species
which dominate the forest have mass flowering events which occur periodically, including

during our measurement period (Kettteal, 2011).
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Lambir received approximately 2,630 mm of mean annual precipitation (recorded
from an 80 m canopy crane) for the period 2@I10, with a modest seasonal pattern. Over
the 10 years between 2000 and 2010, drier months (mean 17haifinwere recorded
between February and August, while the wetter months (mean 28 ajrwere recorded
between September and January. During the measurement period, the rainfall pattern differed
between 2009 and 2010. The period between April to Octoberaledively dry in 2009 (161
mmmo™) compared to 2010 (263 mmo?). The mean annual temperature in Lambir for the

period 20002009 was 25.9C, with little diurnal or seasonal variation.

The soils and geomorphology of Lambir have been previously dedcin detail
(Ishizukaet al, 1998; Baillieet al, 2006; Tanet al, 2009). The soils in Lambir are red
yellow podzolic soils based on the Sarawak soil classification (Teng, 1996), or classified as
Acrisols (FAO, 2006) and Udults (Soil Survey Staff, @00The soils are derived mainly
from sandstone sandy loam and stddeived clay soils of the Miocefi@liocene Lambir
Formation (Watson, 1985; Ishizuka al, 1998). Sandstorderived soils are humult Ultisols
(Soil Survey Staff, 2006), with densely neattfine roots on the surface horizon, high sand
content (typically 68% sand), low nutrients and low wdi@ding capacity (Ashton and Hall,
1992; Davieset al, 1998). Shalalerived soils are clagich udult Ultisols (Soil Survey Staff,
2006) (typically 4% sand), with a thin litter layer on the soil surface, relatively higher
fertility and high watetholding capacity (Daviest al, 1998; Daviest al, 2005). Humult
Ultisols are mainly found on slopes and ridgend cover about 75% of the-Ba forest
dynamics plot, whilst the udult Ultisols are mostly on lywng valleys and cover the

remaining 25% or so (Davies al, 1998).
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4.3.2. Soil CO; Efflux Partitioning Method

We established two Detritus Input and Removal Treatment (DIRT) (Sulethah 2005;
Nadelhofferet al, 2006; Feketet al, 2011) experimental plots (20 m x 20 m) on contrasting
soil types: the clayich udult Ultisol (27% clay, 34% silt, 40% sand) and sandy humult
Ultisols (15% clay, 16% silt, 68% sand) (Tanal, 2009). EacIDIRT plot was divided into

three I m x 5 m subplots (T1, T2, and T3) as replicates,thadfurther divided into eight 2

m x 2 m as treatment plots. Three PVC soil collars (measurement of soil collars detailed
below) were installed at random points iack treatment plot. The treatments were
established on 5 January 2009 on the sandy humult Ultisol (the sandy loam site), and on 6

July 2009 on the clay udult Ultisol (the clay site).

Partitioning of soil CQefflux was determined from the following treants:

1. A Control (T¢) treatment, withHRs being measured (including the surface organic litter
layer) in undisturbed conditions and with normal abgr@und inputs of litterfall in
three soil collars (11 cm diameter, 10 cm length) that were inserted to a dejpt of 2
cm from the soil surface aamdom locations (Figure 4.1).

2. A No Litter (Ty.) treatment, which excluded all abegeound inputs of litterfall and
woody debris to the soil surface using polyethylene netting. Sojl €&flux was
measured from soil collars (11 cm diameter, 10 cm lengthdlamly inserted to a
depth of 25 cm from the soil surface (Figure 4.1). Leaf litter and woody debris were
cleared from the netting weekly to avoid litter decomposition that may contribute to
soil respiration.

3. A Double Litter Tp.) treatment, which was @nhed with the litter removed from the

Ty treatment, and exposed to normal abguaund litter inputs. Soil COefflux was
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measured in soil collars (11 cm diameter, 10 cm length) randomly inserted to a depth
of 2’5 cm from the soil surface (Figure 4.The effects of doubled litter inputs on

soil carbon are likely to introduce a priming effect that may accelerate SOM turnover
and increase respiratory activity.

. A No Input (Ty)) treatment was established with soil collars (11 cm diameter, 40 cm
length) irserted to a depth of 30 cm into the soil surface to exclude ingrowth of roots
and mycorrhizae (Figure 4.1). All existing surface litter and roots were removed. The
disturbance and removal of fine roots is likely to have caused a disturbance effect,
which we evaluated in the weeks following installation.

. A Mycorrhizae Twyc) treatment constructed using three mesh bagsuf@goore
diameter, Plastok Ltd, Birkenhead, UK) of 11 cm diameter and 40 cm length (Figure
4.1). The mesh bags have been successfully tosexiclude roots but allow ingrowth

of mycorrhizal hyphae in various ecosystems (Smith and Read, 1997; Heineheyer
al., 2007; Moyaneet al, 2007; Fenret al, 2010; Nottinghanet al, 2010). Prior to
installation, all existing surface litter was remov&ail cores (11 cm diameter, 30 cm
length) were carefully extracted and transferred into the micromesh bags, with
minimal disturbance to the soil profile. The micromesh bags filled with soils were
reinserted into the same location of extracted soil cosyrand soil collars (11 cm

diameter, 10 cm diameter) were inserted to a depth Bfcé in the mesh bags.
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Figure 4.1: The soil collars were made from PVC. Diameter of collars were 11 cm, with 10
cm length for ControlTc), No Litter (Ty.), and DoubleLitter (Tp.) treatments, 30 cm length

for No Input Ty)) treatment, and 10 cm length extended/covered with 36 um mesh bags for
Mycorrhizae Twyc) treatment.

The treatments to exclude any ingrowth into soil collar§gfguaranteed that roots
and mycorrhizae were effectively excluded using PVC soil collars of 40 cm length. Soil
collars were inserted to a depth of 30 cm in the soil because the majority of fine roots occur
within the uppermost 30 cm soil layer, with thigda also being the main source of root and
microbial respiration (Cavelier, 1992; Silvetral, 2000; Veldkamgt al, 2003; Silveret al,

2005).

4.3.3. Measurement of Soil CQ Efflux
Soil CG, efflux was measured using a portable IrfRad Gas Analysis (IRGAsystem
(EGM-4 and SREL soil chamber, PP Systems, UK), with a custaade adaptor to fit on
soil collars. Each measurement was obtained from soil collars of each treatment plot for a
maximum of 120 seconds. Soil flux was determined from the rate ofdG@xentration
increase within the closed chamber for a known period of time. A linear fit to the CO

concentration data proved to be adequate in all cases (typical 0. 8 0) , with t
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seconds of data removed due to the potential for initialidiahce associated with chamber
placement on the collar. Subsequent concentration data were sometimes also removed, to a
maximum of 43 seconds, if found to deviate from the linear fit.

Measurements were conducted at weekly and biweekly intervals fom seve
consecutive weeks and at monthly intervals thereafter. Measurements commenced seven days
after treatment installation on 12 January 2009 in sandy loam, and on 13 July 2009 in clay

soils. A total of 72 measurements were obtained from each interval.

Togeher with soil CQ efflux measurements, soil moisture, soil temperature and
surface temperature were also recorded. Soil moisture was quantified down to 12 cm soil
depth using a Hydrosense CS620 probe (Campbell Scientific, Australia). Air and soall
temperature were recordaging a portable waterproof-dar digital thermometer probe
(Thermometers Direct, UK). Soil temperature was obtained to a depth of 10 cm in the soill

while the airtemperature was recorded at < 100 cm above the solil surface.

4.3.4. Estimation of Total Rsand CO, Efflux from Soil Components
Total Rs was partitioned into the major soil components: roBs§, SOM Rsow), surface

litters (Riter), and mycorrhizaeRnyc), with the following expression:

Rs= Ritter + Rsom+ Rroot + Rmyc (Eq 4-1)

where each component of soil €€fflux was calculated by taking the differences between
treatments in each subplot based on the following equations:

1. Litter respiration was calculated as follows:

Ritter = ToL - Tc (Eq 4-2)
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2. Root respiratiomvas calculated as follows:

Rroot = ThL T TMyc (Eq. 4.3)

3. Mycorrhizae respiration was determined as follows:

Rmyc: TMyc - T (Eq. 4.4)

4. Respiration of SOM was measured directly flbytreatment

Rsom= Tni (Eq. 4.5)

Monthly average soil components suchRagr, Root, Rsom, andRmyc were estimated
based on the additional equations for each subplot on sandy loam and clay soils, over the
period May 2009 to October 2010. Measurements were made initially at weeklaiste
(seven weeks) and at monthly intervals from May 2009 to October 2010. Though the data
were analysed, the early period data (12 Jaf@akjarch 2009 for sand, 13 JuB1 August
2009 for clay) were not used in annual budgets (but are displayed iiguhesj because of
evident posinstallation disturbance effects. Total annBalwas calculated by multiplying
the monthly average value of daily flux of two consecutive months by the time interval

between the consecutive months, then summing these waleethe year.

4.3.5. Soil CO; Efflux Measurement in the OneHectare Plot
In addition to soil CQ efflux measurements on the DIRT experimental plots, we also
measureds in a larger onédiectare plot on both clay and sandy loam (the DIRT site was
located just outside the larger plot). The plot was divided into 25 subplots (20m x 20m) on
each clay and sandy loam site, with a designated measurement point (microsite) near the

centre of each subplot. Using the same IRGA instrument (BGiMid SREL, PP Systems,
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UK) and procedures, we took three repeat measurements on each microsite, once a month.
Monthly Rsover the onéhectare plot was calculated based on the averagesfilix of each
microsite. Monthly measurementsRfwere conducted over two years from October 2008 to

October 2010. Measurements were conducted during daytime between 08:00 h and 17:00 h.

4.3.6. Data Analysis
St u d etastsdvere used to explore differences betwée clay and sandy loam sites. A
two-way analysis of variance (ANOVA) was used to determine spatial and temporal
differences in the soil component g@uxes. We used linear and ntinear regressions to
explore the relationship between environmentabpesters such as soil temperature, soil
water content, and air temperature to t&ahand its component fluxes. In addition, stepwise
multiple regression analysis was used to explore the causes of variation iRstatal its
component fluxes. Data weregtransformed where necessary and outliers were removed
using Grubbso6és test.

All uncertainties were reported as standard errors and, where necessary, propagated
by quadrature of absolute errors for addition/subtraction, and quadrature of proportional
errors for division/multiplication (Malhiet al, 2009), with the assumptions that the
uncertainties are independent and normally distributed. Statistical analysis was conducted
using R (version 2.13.0) statistical software (R Development Core Team), anesthis

were plotted using SigmaPlot 10.0 software (Systat Software, Inc.).
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4.4 Results

4.4.1. Temporal Variation of Total Rson Clay and Sandy Loam in the One
Hectare Plot

We first focus on recorded patterns of total soil,@®lux from the 25 points on each ene
hectare plot. There was a notable seasonal pattern observed over two years of monthly
measurement on both sandy loam and clay dkegradually increased in the first year from
October 2008 to September 2009 (Figure 4.2a), while soil moisture declined over the same
period (Figure 4.2b)Rs progressively declined from May to September 2010, while soll
moisture increased from April to Augt 2010 due to the wetter months and decreasing solar
radiation during that measurement period (Figure 4.2d). In addition, there was a brief decline

in soil surface temperature from May to August 2010 (Figure 4.2c).

4.4.2. The Effect of Environmental Factors onRs across Sandy Loam and Clay
in the One-Hectare Plot

We next explore the relationship between t®Ralaveraged across the 25 microsites) and
environmental factors (soil moisture, soil surface temperature and solar radiation)RsTotal
showed a signiiant decrease with increasing soil water content on both sandy téam (
0.71,p < 0.001) and clayr = 0.62,p < 0.001) (Figure 4.3aR; also showed a significant
exponential increase with soil surface temperaturB03cm below soil surface) on both clay
(r? = 0.24, p< 0.09 and sandy loanr{ = 0.28,p < 0.09 (Figure 4.3b). Soil temperature at
10 cm did not show any clear significant relationship to the monthly variatiBa @hen a
minimum adequate multiple geession model was developed, soil moisture contributed most
strongly to the variation of monthlgs over the two years of measurement across clay and
sandy loamrf = 0.66,p < 0.001), with soil surface temperature and soil temperature unable

to significantly explain the residual variance ¥ 0.05). This suggests that soil moisture is the
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most important of the factors measured in this study for controlling the seasonal variation in

Rs, but, rather unexpectedligs declines with increasing soil moisture.
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Figure 42: a) Mean total soil CQ efflux (Rs), b) soil moisture (%), c) soil surface
temperature°C), and d) monthly rainfall (mm 9 and solar radiation (MJ frd™) on sandy
loam (white circles) and clay (solid circles) from October 2008dtober 2010. Each point
is the r?orllthly average value £ 25) on clay and sandy loam. All fluxes are in units of umol
COmMm*s".
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4.4.3. Temporal Variation of Total Rsand its Soil Components over the DIRT
Experimental Plot

We next focus on the DIRT experiments to explore how t&als partitioned into
components, and whether seasonal variation in any particular components dominates any
overall seasonality ifRs. Mean totalRs on the DIRT plots showed little variation between
sandy loam and clay soils from January 2009 to Octobed gegure 4.4a). However, there
was a progressive decrease in t®abbserved on clay during the wetter months and from
May to October 2010 (Figure 4.4a). This coincided with significantly higher mean soil
moisture in 2010 (mean = 24.3%) than in 2009gme 23.0%, t = 8.73 < 0.05) (Figure
4.2b), probably because of the relatively higher rainfall recorded in 2010 (Figure 4.2d). Based
on a subset of data between April to October in 2009 (drier months) and 2010 (wetter
months) on the sandy loam, in whicbntrasting wetter and drier months were observed
during the measurement period (Figure 4.2d), there was no significant difference (tg 0.77,
= 0.45, d.f. = 29.7) irRs between drier and wetter months. In addition, soil temperature
progressively declireduring the same period from April to October

The partitioned soil components suchRagr, Rsom, Root aNdRmyc respiration showed
no clear seasonal pattern across sandy loam and clay over time (Figiike4eXHowever,
there was a brief decline Rt andRs, from May to September 2010 (Figure 4.4c and 4.4a).
This suggests that seasonal variatiofrrould be driven by root respiration when water is

not a limiting factor (Figure 4.5b).
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Figure 44: Average CQ efflux of a) total soil respiration®), b) litter ([Riiter), C) root Kooy,

d) mycorrhizae Rnyc), and €) SOMRsowm) on both sandy loam (sdlcircles) and clay soil
(white circles) in DIRT plot from January 2009 to October 2010. Each point is the average
value across three replicates of T1, T2, and T3. Initial indicategneasinent (14 days) soll
respiration rate. Measurements were corgllicdn 8 January 2009 in sandy loam, while
measurements on clay soils started on 15 July 2009. All fluxes are in units of pme GO

! Standard errors of the mean are plotted as error bars.
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The soil componestshowed variable flux patterns from January to August 2009,
indicating that the effect of disturbance could persist up to nine months after installation.
Fluxes of soil components appeared stable in the following year from February to October
2010. Ritter, Rmye, andRsom showed considerable monttrmonth variation, with numerous
outliers (Figure 4.4b, 4.4d, and 4.4e). In particuRa on the clay site appears particularly
problematic with frequent negative values. This is because unusually high fhetes
consistently measured on thg., treatment across all three replicates (especially T3),
suggesting that the clay soil is particularly vulnerable to the disturbance introduced by
installing the mycorrhizal treatment. In contrast, Ryg. at the sandy loam site seemed stable
and plausible. In the absence of alternative estimat&s,efand the clear impossibility of
negative mean values, we decided to apply the valipimeasured at the sandy loam site
to the clay siteRo (Clay) was then calculated &z (Clay) - Rmyc (Sandy loam), where
RiizoIS given as the sum &y (clay) andRiq (Sandy loam). MealRy,c values from the

sandy site were 1.9 + 0.2 Mg Chg™?, about 11% oR..

The mean value dRs in the DIRT plots wa 17.7 + 0.2 Mg C hayr’ on clay and
18.1 + 0.2 Mg C hayr™ on sandy loam, compared to whdiectare plot values of 11.2 + 0.2
Mg C ha'yr-1 on clay and 14.6 + 0.2 Mg C thar® on sandy loam over two years of
measurement (Table 4.1). Hence the DIRT experiment treatments may be at sample locations

with soil CG, fluxes substantially higher than the hectare mean values.

154



Table 41: Annual totalRs and the contribution of litter, root, mycorrhizae and SOM to total
Rs on sandy loam and clay from August 2009 to October 2010. Values are means + standard
error. All fluxes are in unitMg C hatyr

Clay Sandy Mean Mean Clay Sandy loam
loam percentage percentage (hectarelevel) (hectarelevel)

clay (%) sandy

loam (%)

Rs (one-hectare) 11.2+0.2 146+0.2

R, 176+0.8 18.1+0.2 11.2+0.2 146 +0.2
Riter 25405 44+03 142429 24317 1.6+0.3 35+0.2
Rioot 4.0 N 3702 227430 204+11 25404 3.0£0.2
Rinye 2.2 N 19+02 125+18 105%1.1 14402 15+0.2
Rsowm 89403 81%01 50629 448+0.7 57+05 6.5+0.1
Rizo 6.3+04 56+02 358%28 309%12 4.0+0.4 45+0.2

A val ue c CRrBotr: MZJ T d:Qch (sb\dyloam) WhereRrhizo = Rmyc (clay) + I:eroot (sandy loam) and Rmyc (sandy
amValues from sandy loam were used because of unstaplebtained on clay
YRmyc 0N clay is corrected witRy, values from sandy loam site

4.4.4. Effects of Soil Water Content and Soil Temperature on TotaRs and its
Soil Components

We next explore seasonal variation in the components of soil respiration DIRT partitioning
plots, in order tadeterminewhich components of soil respiration drive seasonal variation in
total soil respiration. We examined correlations between all componerRs aid three
environmental variables: soil temperature, soil moisture and solar radiation. The regressions
againstsoil temperature were exponential based on the theoretical justifications provided by
Lloyd and Taylor (1994), and linear against moisture and solar radiation in the absence of any
a priori theoretical expectation.

In contrast to the wholkectare analys above, no significant relationship was found
betweenRs in the DIRT plots and soil moisture, but an exponential positive relationship was
found with soil temperature on the clay sité £ 0.25,p < 0.0 (Figure 4.6a) from January

2009 to October 2010Based on a minimum adequate multiple regression model, soil
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temperature significantly contributed to the variation of t&abn the sandy loam site, but
could only explain 21% of the variation® (r* = 0.21,p < 0.01J).

At the clay site, two components of soil respiration did show a relationship with soil
moisture:Riqer respiration showed a positive relationship £ 0.13,p < 0.05; Figure 4.7a)
andRsom a negative relationshipq= 0.23,p < 0.01; Figure 4.7b). Athe sandy loam site,

Riter @gain increased with soil moistun€ € 0.16,p < 0.05; Figure 4.7a), as diBmyc (r? =

0.17,p < 0.01; Figure 4.7b). In addition, the multiple regression model suggested that the
variations inRjwer, Rsom andRmyc Were mainly driven by soil moisture on the sandy loam and
clay sites p < 0.05). However, the low coefficient of determinatioh< 0.25) observed in

these interactions probably reflects the small sample size, rather than the absence of any
strong effecton total Rs, Riier and Rsonm. In the sandy loam soil, we found tHa$om was

highly correlated with soil moisture, soil temperature and soil surface temperatare.46,

p < 0.0QL), given byRsom = 16.3477 + 0.3227(soil moisture)1.6529(soil tempetare) +
0.7808(soil surface temperature).

There wasa significant relationship between solar radiation &g, (r* = 0.43,p <
0.05 on the clay site (Figure 4.8), but no relationship between solar radiation and soil and

root respiration fluxes.
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Figure 4.8: Relationship between solar radiation (M3 d1) and a) litter respiratiorR{er),
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loam and clay sites in DIRT plot from August 2009 to October 2010. Eanhip the
monthly average value of three replicates in T1, T2, and T3.
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4.4.5. Mean Partitioning of Soil Respiration and its Components
In the onehectare plotsRs on clay (2.84 + 0.12 umol COm?s™) was significantly lower
than on the sandy loam si878 + 0.17 umol C@m? s, t = 6.817,p < 0.05, d.f. = 956.4)
from October 2008 to October 2010. The mean anRuaver one hectare was 11.2 + 0.2 Mg
C ha'yr! on clay and 14.6 + 0.2 Mg C fhar! on sandy loam over the two years of
measurement (Tée 4.1)

In the DIRT experimental plots, the average t&abn clay soil of 4.47 £ 1.10 pmol
CO, m?st was not significantly different from the sandy loam of 4.82 + 0.35 pmolr@s
' (t=0.91,p=0.36, d.f. = 59.1) from August 2009 to October 2010. However, there was
significant variation in withirplot measurements among T1, T2, and T3 replicates in each of
the sandy loam and clay soilp € 0.0]), indicating that there could be a large spatial
heterogeneity. In both cases, tRefluxes in the DIRT plots were significantly higher than
the mean fluxes observed over the correspondinghentare plot.

Soil components such &ier, Root, Rmye, @andRsom were not significantly different (p
= 0.49) between the sandy loam and clay sites, with estimated meaeffl® of 1.83 +
0.38 umol CQ m?s?, 0.99 + 0.41 pmol COM?s™* and 0.59 + 0.24 umol COm?s* and
2.23 £ 0.22 umol CEmM?s’ respectively. MoreoveRnm,c andR..o together contributed 1.59
+ 0.33 pmol C@ m?s™ to totalRs across clay and sandy loam sites. The mean annual flux of
soil components scaled to one hectare on clay and sandy loam (clay/sandy loam) was 5.6
0.5/6.5 + 0.1 Mg C hayr! for SOM, 1.6 + /3.5 + 0.2 Mg C hayr™ for litter, 1.4 *
0.2/1.5 + 0.2 Mg C Hayr™ for mycorrhizae, and 2.6 + 0.4/3.0 + 0.2 Mg C'i&* for roots

(Table 4.1).
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4.5.Discussion

4.5.1. Annual total Rsand the Respiration of Soil Components
We quantified the annual tot&s and the contribution of soil components in a lowland
dipterocarp forest in Borneo. Our mean anrigh relatively lower than previous studies in
the Southeast Asia region (Hashimetoal, 2004; Adachket al, 2006; Ohashet al., 2008;
Katayamaet al, 2009), but within the range expected for tropical forests (R@mdberty
and Thomson, 2010).

R, contributed approximately 77% to anniglacross sandy loam and clay sif€is
is within the range estimated by varying partitioning methods recently reviewed across the
tropical forests (Subket al, 2006). The majority oR, was derived from surface organic
litter, SOM and mycorrhizae, with each component contributing approxiyn24élo, 61%,
and 15% to totaR, respectively. In our studyRiter Shows a relatively higher contribution to
annualRs than has been reported in tropical forests elsewhere (e.g. Chaenlzys2004;
Sayeret al, 2007; Sayeet al, 2011), but agrees thi an earlier study undertaken in the
Pasoh Forest Reserve (Nakane, 1980). By comparison, Meétadfe (2007) estimated a
much lower contribution of annual litter respiratiori 18%) at an Amazon rainforest site
with a much more pronounced dry season.

Higher annuaRs is typically associated with declinirg/Rs because greater abeve
ground gross primary productivity increas®glue to increased allocation of assimilated C to
R, (Subkeet al, 2006). We found that the proportionRfo, approximately 22% of totds,
is relatively lower than typical estimates (#0%) in tropical forests (Nakane, 1980;

Trumboreet al, 1995; Hansoet al, 2000; Chamberst al, 2004; Metcalfeet al, 2007).
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4.5.2. The Effects of Environmental Factors onRs and Soil Components
In the onehectare study site, totR is negatively correlated with, and well explained by, soil
water content (Figure 4.3). Higher soil moisture may have decreaseeffi® due to water
filled pores that reduce gas diffusivituppressedrs at high soil moisture levels can also
potentially be explained by reduced soil aeration that may inhibit the respiratory sources for
aerobic microbial activity (Davidsoet al, 2000; Schwendenmarmt al, 2003; Adachet al,

2006). In addion, larger soil porosity typically present in sandy loam soil may potentially
reduce the rate of this gas diffusivity. The rate of diffusion is higher on sandy loam than on
clay, as observed from the slope in Figure 4.3a. This implies that the spatsibmaand
physicechemical properties of the soil medi®eresponses to soil water content (Sata

al., 2006; Hashimotet al, 2007; Takahaslst al, 2011).

In the DIRT plot, the responses to soil water content are different among all soil
comporents (Figure 4.7). Our results show that higher soil moisture significantly increases
Riter. This relationship is also observed Ry on clay, indicating higher CCefflux due to
an increase in microbial activity associated with fine roots. Our irgoon that higher soil
moisture may inhibit microbial activity due to decreased gas diffusivity is further supported

by the negative relationship betwdggyy and soil moisture on the sandy loam.

There have been many reviews showing tRaincreasesexponentially with soll
temperature when soil water content and other environmental factors are not limiting (Singh
and Gupta, 1977; Raich and Schlesinger, 1992; Lloyd and Taylor, 1994; ®aith2002;
Reichsteinet al, 2003; BoneLamberty and Thomson, 2010). In our study, we have found
very low dependence of tot8l on soil temperature (< 10%). Hence, the relationship between
Rs and soil temperature may be confounded by other environmental factors when assessing
seasnal longterm measurements (Metcaltét al, 2007), particularly in tropical forests

where the magnitude of temperature variation is usually relatively slight.

162



4.5.3. The Partitioning of Soil CO, Efflux
Partitioning soil CQ efflux is challenging and differerdipproaches are likely to reflect
different effects and show different magnitudes. Our partitioning approach is more
comprehensive in that we accounted for mycorrhizal respiration, which is rarely quantified in
tropical forests. The partitioning & using various treatments may have introduced large
disturbances to the soil system. To address this issue, we allow the DIRT plot to stabilise and
recover from treatment manipulation. The response of €&fux from soil components was
variable during initialobservation (the first i3 months), but showed a stable pattern
thereafter. Furthermore, it has been shown that the response of s@ffQ©®may take up to
one year to stabilise depending on the season of the experimental set up and soil moisture
(Sayeret al, 2007). Similar approaches have been used in the temperate deciduous and
coniferous forests (Nadelhoffet al, 2006). Therefore, lorterm repeated measurements are
needed to clearly define the equilibration stage and estimate accurate camisimitisoil
components. There include additional observations and sampling such as litter decomposition

(Sayeret al, 2006).

4.6.Conclusion
Our results shed light on the partitioning of soil £&&fflux in a lowland tropical forest. There
was a notable seasonal variation, with an increase in sailefflox when soil moisture
declinesRs andRyer are mainly driven by soil water content. We have shown that the annual
Rs are driven byR,, mainly contributed by SOM and litter respiration. The allocatiorR{o
was relatively low. Our approach to quantifying the partitioning of soil, @@ux is
comprehensive and allows plausible estimation of respiration from soil components. Further

work, applyirg this approach at other tropical sites and over longer timescales, will help to
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build a more comprehensive picture of the role of this understudied biome in the global

carbon cycle.
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Chapter 5




Chapter 5: Annual Budget and Seasonal Variation of Aboveand Below
Ground Net Primary Productivity in a Lowland Dipterocarp Forest in
Borneo

Overview
It is well recognised that there is a lack of data on the productivity of tropical forests,

particularly in regard to Asian forests. This chapter provides information on the-abual/e
belowground net primary productivity (NPP) for forest plot on two casting soil types.

This is the first attempt to determine the annual budget for all components of NPP in a
lowland Asian tropical forest. A similar methodological approach has been employed to that
widely used in Amazonian forests, so as to directly comphe findings with similar
observations from Amazonian forests. In addition, the paper explores the seasonal variation
of each NPP component in order to understand how allocation of NPP may shift over time, as
well as if the variation may be driven byrpeular environmental factors. This contributes to

our understanding of tropical forest productivity, which plays a critical role in the global
carbon cycle and ecosystem functioning.

This study was conducted with the support of the Center for Troparalst Science
(CTFS), which provided the census data. Various collaboratorstributed to this study:
Tomo b o mi Kumagai and Tomonor.i Kume provi de
Kurokawa provided the herbivory data; Sylvester Tan assisted in estaiplishen
experimental design; and Mohd. Haniff Harun provided various instruments for
measurements. The study overall and this chapter in particular were supervised by Yadvinder

Malhi.

" Contribution Statemenéxperimentatiesign: KLK, YM, ST, MHH; data gathering: KLK, S@ata
analysis: KLK; interpretation akesults: KLK, YM; paper writing: KLK.
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5.1.Abstract

Tropical forests are thought to have amongst the highestsvalidNPP on Earth, but
comprehensive data on NPP have rarely been collected for tropical forests, especially outside
of the Neotropics. In addition, almost nothing is known about any seasonal variation of NPP
in the aseasonal climate of parts of the trepln this study, we quantify abovand below

ground NPP, along with additional environmental factors ovéaygar period in a lowland
dipterocarp forest in Borneo, on two enectare plots at Lambir Hills National Park,
Sarawak, Malaysia. The sitedbaracterised by high annual rainfall and typically there is no
month of the year when the forest is under water stress. We estimated the total NPP to be
15.82 + 0.90 Mg C Hayr™ (mean + standard error) for a forest plot on clay aod 12.85 +

0.69 Mg C ha yr for a forest plot on sandy loam siDf this productivity, the allocation

to aboveground NPP is 81.7 £ 6.7/80.5 = 6.0% and to bejpaund NPP is 18.3 £ 3.7/19.5

+ 2.6% on clay and sandy loam respectively. The litte(fdPPixerra) and aboveground

coarse wood NPPacw) contributed the largest fractions of the total NPP. Fine root
productivity (NPPine root9d ShOWSs stronger seasonal variation relative to other components of
NPP. There is evidence suggesting waenwal variation iNNPPine roots l€af flush, litterfall
andNPPxcw. The seasonal allocation of NPP shows a strong variation and contrasting shifts
between clay and sandy loam. Following the wetter period on the clay site, productivity
increases and thereiiscreased allocation tNPPacw and reproductive materials on clay. In
contrast, on the sandy loam soils NPP is higher in the less wet season, with large proportions
invested in leaves and reproductive materials. This is the first attempt to develop ateompl
seasonal allocation profile to clearly understand how the biomass of a tropical forest is
allocated to the various components of NPP over the seasonal cycle. The study highlights the
marked seasonality of a tropical forest even under largely aseasomabnmental

conditions, as well as illuminating the effect of contrasting seasonality on contrasting soil

types.

172



5.2.Introduction
The magnitude and dynamics of the allocation of NPP in various tissues and organic
structures in plants are essentibbracteristics of forest ecosystem ecology but have rarely
been welquantified for tropical forest@Malhi et al, 2011; Malhi, 2012)Tropical forests
are amongst the most productive ecosystems on Earth and have been estimated to account for
approximately onghird of the global terrestrial net NRRIelillo et al, 1993; Fieldet al,
1998; Graceet al, 2001) In addition, tropical feests play an important role in the exchange
of carbon with the atmosphere, as well as in the overall carbon balance of the terrestrial
biosphere.

NPP is the net production of biomass used by plants tdupeovarious organic
structuresncluding leaves, wood, reproductive materials, roots, root exudation, and volatile
organic compoundgRoy et al, 2001) Quantifying the biomass components that contribute
to total NPP is difficult and confounded by challenging methodolq@itsk et al, 2001b)

Hence, most studies have typically investigated components that are easily measured, such as
aboveground coarse wood productivity or litterféRroctoret al, 1983; Clarket al, 2001b;

Chaveet al, 2008; Malhiet al, 2011) There are verfew studies on belowground biomass

and productivity(Yoda, 1978; Greest al, 2005; Fisheet al, 2007; Niiyameet al, 2010)

in particular in conjunction with aboxground productivity data, and it is often estimated as
some fixed proportion of the abe-ground biomasgClark et al, 2001a) As such, it is

difficult to generate a reliable estimation of the carbon budget for tropical fQKests1978;
Chamberst al, 2004; Luyssaemrtt al, 2007; Malhiet al, 2009; Taret al, 2010; Adachget

al., 2011) In recent years, a larger and more comprehensive dataset on tropical forest NPP
has begun to emerge for the Andasazon region(Chamberset al, 2004; Aragacet al,

2009; Girardiret al,, 2010) However, estimation of NPP, and in particularly the allocation of
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NPP, is still very limited in tropical forests elsewhere, such as in Africa or(RsiHi et al,
2011; Malhi, 2012)

The dipterocarfmlominated forests of Southeast Asia are wedognised for their
richly diverse and relatively tall treg&shton, 1964; Whitmore, 1984; Ashton and Hall,
1992; Ashton, 2005)with very high abowv@round biomas¢Proctoret al, 1983; Yamakura
et al, 1986; Yamakurat al, 1996; Paoliet al, 2008) On the island of Borneo, above
ground biomass in lowland dipterocarp forest is typically 60% more than in Amazonian
forests(Slik, 2006) A considerable number of studies have estimated atpowend wood
biomass for dipterocarp forests at several sit€Bomeo(Proctoret al, 1983; Yamakurat
al., 1986; Yamakurat al, 1996; Basuket al, 2009; Kenzcet al, 2009; Morelet al, 2011;
Saneret al, 2012) and others have done the same for litte(fatbctor, 1984; Burghouist
al., 1992; Burghout®t al., 1994) However, studies of the components of NPP are rare in
regard to BornegKitayama and Aiba, 2002; Paoli and Curran, 20817 generally scarce in
Southeast AsidOgino et al, 1967; Yonedaet al, 1977; Kira, 1978; Hertett al, 2009)
Hence,quantification and understanding of productivity, its allocation, and their response to
climate is imperative in a lowland dipterocarp forest. Moreover, to our knowledge no studies
have examined the seasonality of NPP, a topic of particular interestgernbeally aseasonal
climate of Borneo.

So, the overall aim of this study is to quantify aboaed belowground NPP and
develop a better understanding of the allocation of NPP and its seasonal variation in a

Bornean lowland tropical forest. The specigsearch questions addressed in this study are as

follows:
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a) What is the abowveand belowground productivity, and how is it partitioned into
wood material, leaves, flowers, fruits, fine roots and coarse roots in a lowland
dipterocarp forest in Borneo?

b) Whatis the seasonal variation in the components of aigosend NPP and below
ground NPP, and how are these related to environmental factors?

c) What is the overall allocation of NPP at this site, and how does it vary between the

sand and clay sites?

5.3.Materials and Methods
5.3.1. Study Site

This study was carried out in tl-ha forest dynamics plot in Lambir Hills National Park,
Sarawak, Malaysia (4L 2N, 114 2 &), which is part of theCenter for Tropical Forest
Sciencg CTFS) global network of large plof€ondit, 1995; Leet al, 2004) Within the 52
ha plot, we established two chectare research plots (160x 100 m), one each on clay and
sandy loam soils. The ofiectare plot was further divided into 25 subplots measuring 20 x
20 m. Lambir is an excéipnally diverse lowland mixed dipterocarp forest, with the highest
recorded tree diversity in the Paleotrop{Ehillips et al, 1994; Davies and Becker, 1996;
Lee et al, 2002; Ashton, 2005)The Euphorbiaceae and Dipterocarpaceae are the most
speciegich families at the siteThe dipterocarp species have mass flowering events which
occur periodically, including during our measurement perjgéttle et al, 2011) A
comprehensive description of floristic and stand structure has been presertee diyd.
(2002) The 52ha forest dynamics plot was established in 10@#makuraet al.,, 1995) All
trees O 1 cm in diameter at breast hei ght
and their DBH measured following standard meth@¢@sndit, 1998) The census was

repeated in 1997 and every five years thereafter.
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The soils in Lambir range from sandstone sandy loam to-sglesileed clay. From this
gradient, four soil types have been identified in order of increasing fertility and moisture:
sandy loam, loam, fine loam, and clay based on soils clust@ageset al, 2005) The
sandstonalerived soils are humult UltisolSoil Survey Staff, 2006)with densely matted
fine roots on the surface horizon, high sand content (typically 68% sand), low nutrients and
low waterholding capacityAshton and Hall, 1992; Daviex al, 1998) The shalelerived
soils are clayrich udult Ultisols(Soil Survey Staff, 2006{typically 40% sand), with a thin
litter layer on the soil surface, relatively higher fertility and high whtdding capacity
(Davieset al, 1998; Davie®t al, 2005) Davieset al (1998)showed that sandstowukerived
soils typically occur on slopes and ridges, while the stiateved soils are mostly in low
lying gullies. The altitude difference between the highest point and the lowest point is
approximatelyl50 m, with steep, undulating and complex bisected topogr@pamakuraet
al., 1995) The soils and geomorphology of Lambir have been previously described in detail
(Watson, 1985; Ishizuket al, 1998; Baillieet al, 2006; Taret al, 2009)

To measurghe main components in regard to NPP, we broadly used the protocols
developed by the RAINFOBEM network, which are described in detail in a manual
(available at http://gem.tropicalforests.ox.ac.uk/, Global Ecosystems Monitoring Network
(GEM)) and which will facilitate direct comparison with new NPP data emerging from the

African and Amazonian tropics.

5.3.2.Estimate of AboveGround NPP (NPPxg)
Wood Density and Tree Height
Woodspecific gravity was determined for the most common species based on-locally
measured wood density of 11 tree spe¢idag et al, 2006)and five tree species of soil

specialists and generaligdeinemanet al, 2011) all of which was assessed hetLambir
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site. In addition, other values of wood density measured in this region (Borneo and West
Malaysia) were included: 12 species from Kuala Belalong, Br(dsinkoyaet al, 2007)

four species from East Kalimantan, Indone@asukiet al, 2009) 70 species from West
Kalimantan, IndonesiaSuzuki, 1999) three species from the Pasoh Forest Reserve,
Peninsular Malaysié&ing et al, 2006) and three species from secondary forest near Lambir
(Kenzoet al, 2009) For the remaining species, we used the average wood density of each
individual species in a global wood density datg€dtaveet al, 2009; Zannet al, 2009)

Where data on wood density were not available for a particular tree species or an wldentifi
species (but genus or family known), we determined the average density to genus or family
level. For unknown tree species and those unlisted in the global dataset (32 species), we used
the Lambir average value of 0.64 g2fiing et al, 2006)

Tree leights were derived from locally measured height data for clay and sandy loam
sites in Lambir(King et al, 2009) Given that the tree species distribution in Lanvisas
edaphically biased to different soil typ@%almiottoet al, 2004; Davie®t al, 20(; Russcet
al., 2005) tree species were determined and assigned into clay (29 trees) and sandy loam (49
trees) respectively. Regressianalysis wasemployed to explore the relationship between
tree heights and DBH. The relationship between tree heghD&H waswell-described by
a quadratic regression on both cla§ £ 0.98,p < 0.001)and sandy loamrt = 0.97,p <

0.001). The bedit equations are as follow:

Tree Itdiayhoto 200B A +07 6 DB H+4752 9 (Eg. 5.1)

Tree Isainglyt=1068B8DB A +0.7 6 DB H+46 8 80 (Eq. 5.2)

where tree height was in metres, and DBH was in centimetres. Next, we applied this

regression equation to the trees on clay and sandy loam sites.
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Aboveground Coarse Wood NPRPPacw)
Multiple tree censuses from sandy loam and clay sites were used to determilegblot
aboveground coarse woody biomass and fluxes. Four censuses ovgediig intervals
have been conducted by the CTFS following a standard prqt©oalit, 1998)n dl trees >
1 cm DBH since 1992. All trees were identified to spefies et al, 2005) Using these tree
censuses from both the ehectare clay and sandy loam sites, we determined the growth rate
for all existing trees. We also separately estimated ribth and recruitment of only trees >
10 cm DBH, for comparability with other studies.

We assessed abogeound coarse woody biomass as a function of DBH and wood
specific gravity for each tree using an allometric equation for moist tropical foress stand

(Chaveet al, 2005)

AGB0050 9 DBAIH (Eq. 5.3)

where AGBisabowg r ound dr y bi o ma-dnswoddlsmegific grgvity (gem t h e
%), DBH is diameter at breast heighit3 m (cm), and H is height (m). The abayreund
coarse wood productivityNPPacw) was then estimated based on the change in woody
biomass between census intervals. Biomass values were converted by assumingstbat dry
biomass has a carbon content of 47.@%artin and Thomas, 2011pased on a study in
Panama which is the first toaunt for the volatile carbon lost when wood is dried.

Several allometric equations for estimating biomass in tropical dipterocarp forests
have been developed in the Southeast Asian réiiato et al, 1978; Yamakurat al., 1986;
Basukiet al, 2009; Kenzoet al, 2009) Here we employed the allometric equationdiave
et al (2005) which incorporates wood density and height data, to directly compare with
similar studies conducted at several Amazonian forest sites. In addition, recent studies in

Amazamia and Borneo showed that wespecific density is important in seeking to produce
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accurate estimates and capture the spatial variation of -gpouad biomass at a regional
scale(Bakeret al, 2004; Chavet al, 2005; Malhiet al, 2006; Slik, 2006; ¥ et al, 2010)

To capture seasonal variationMPPacy, we i nstalled dendr omet
10 cm DBH) and approximately 20 randomly selecteddasto wi ng trees (O 10
both clay and sandy loam sites. Monthly (for fgsiwing trees) ad threemonthly (all trees
> 10 cm DBH) increments from dendrometer bands were recorded from June 2009 to
September 2010. The dendrometers were installed in July 2008 (all subplots on sandy loam
and 10 subplots on clay) and February 2009 (15 subplottag)) but the first 10 and three
months of data were not used to allow the dendrometer to settle onto the trees. The dataset
was carefully checked for irregularities (e.g. measurement errors) and obviously erroneous
data points were linearly interpolatddendrometer increments in each month were added to
the initial DBH, which was measured prior to dendrometer installation, in order to estimate
monthly diameter. Woody biomass was calculated using Equation 5.3 and biomass growth
rates were determined by tag the difference in biomass between months. Monthly woody
growth rates for all trees were estimated from the monthly growth rates fayrdagng
trees, scaled to match the threenthly growth rates measured by the wider dendrometer
dataset. Astheddnr omet er trees did not include all
hectare plot on clay (36 trees not included) and sandy loam (61 trees not included) sites, we
scaled the monthly biomass increment by a scaling factor (1.22 on clay and 1.0&8gn sa
loam) based on the ratio dfiomass growth of all trees over that of dendrometer trees, as
determined from the lontgrm census data.

Furthermore, we tried to account for any moistiglated seasonal cycle that may be
caused by bark or hydraulic expansduring wet periods and contraction during dry periods.
We did this by separating live trees with very low growth rai&Fcw < 0.05 kg tre@ day

) on clay @ = 124 trees) and sandy loam £ 197 trees) and estimated annual seasonal
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growth fordistinctively growing trees, calculating the mean seasonal growth cycle of these
trees and subtracting this cycle from all other trees. In this wet, broadly aseasonal forest, the
seasonal cycle was very smallhe mean seasonal NPP due to moisture exparesfects

was calculated at 0.001 Mg Char™ on clay and 0.003 Mg C Hayr™ on sandy loam,

making this effect negligible.

Litterfall NPP (NP PBltertan)

Litterfall collection over a longerm steady state (typically one year or more) contributes to
canopy production, but exclude canopy herbivory andamopy decay or trapped leaves.
Dead organic material (woody material < 2 cm diameter) was collected from litter traps
measuring 0.25 M(0.5 x 0.5 m) installed at one metre above the ground in thdlenof

each 20 x 20 m subplot on both clay and sandy loam sites (25 traps in each plot in total).
Collection took place from July 2008 to August 2009. Litterfall was collected every 14 days
to minimise intrap decomposition, ovedried at 86C to constantweight, and weighed
immediately after removal from the oven. The litter was separated into: i) leaves; ii)
branches; twigs and woody tissue; iii) fruits, flowers and seeds; and iv) undefined fine debris.
Biomass values were converted by assuming thastmy biomass has a carbon content of

50% (Kenzoet al, 2003)

Seasonal Leaf Productivity

Canopy productivity estimated from litterfall over annual or lorigem timescales may not
capture the seasonal variability in leaf production because litterfall reflects the timing of
canopy biomass loss rather than biomass gain. To determine the teas@tian of leaf
productivity, we combined the litterfall dataset with data on changes in leaf area index (LAI)
and mean values of specific leaf area (SLA) based on the following eq@@baghty and
Goulden, 2008)
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Leaf prm%%ﬁh teiadarlfial | (Eq. 5.4)

where leaf production is in g fmdLAl is the change in LAl (fim®) between months, SLA
is the mean SLA (fng?), and leaf litterfall is g M.

We determined LAI by recording canopy hemispherical images using a digital camera
(Nikon Coolpix 990) and a hemispherical lens (Nikon-E& fisheye converter) near the
centre of each of the 25 subplots across thehewtare clay and sandy loam sites. Tiyen
images were recorded at one metre above the soil surface during overcast conditions in the
early morning (06:3008:00 h). LAl data were collected every month from August 2009 to
May 2010. Monthly canopy hemispherical images were analysed using theEZEN
software(available at www4.paca.inra.fr/caye, Demareet al, 2008; Weiss, 2012)

Mean SLA was estimated by collecting ssdmples of leaf from 11 specialist
dominant tree species on sandy loam and five specialist dominant tree species arsiay. F
leaf samples collected were scanned, and the leaf areas were analysed using image analysis
softwareavailable at http://rsb.info.nih.gov/ij/, ImageThe samples were then overied to

constant mass. SLA is the fresh leaf area divided by the dry ofiéesaf.

Branch Turnover NPP (NRRnch wmnover

The turnover of branches (branch growth and shedding not associated with tree death) can be
a significant component of NPP but is rarely measured. To assess branch turnover, we
conducted censuses every three months between August 2009 and July 201@oBeden
woody materials (woody material > 2 cm diameter, including bark) were collected from four
100 m x 1 m transects established along the boundary within each one hectare plot. Initial
collection of coarse woody materials was considered as dead wockl rstther than

production of new branch material. Branches that were easily lifted were cut to only include
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the transeetrossing component, removed and weighed directly. Heavier and larger branches
that could not be removed were recorded for dimensidiasngter, height, and length), and

were allocated a wood density value based on their decomposition stage. In subsequent
censuses, new branchfall material was noted. Care was taken to discard any branchfall
associated with tree mortality, as that compoieatready included in the mortality data and

whole-tree allometric equation.

NPP Lost to Leaf Herbivory (NR&bivory)

Foliar herbivory alters nutrient cycles and carbon inputs in the terrestrial ecosystems, and
hence influences the feedback to abowrd belowground productivity(Bardgett and
Wardle, 2003)Although leaf herbivory contributes a substantial fraction of lo&Sekey and

Barone, 1996)NPPemivoryiS Often unaccounted for in tropical fore@®ark et al, 2001b) In

this study, we did not directly quantify herbivory for canopy leaves. We adopted an average
herbivory rate of 0.0135% per day according to synchronous and continuous leafing patterns
across 40 tree species in Lamigkurokawa and Nakashizuka, 2008Jhis involved
measuring the percentage loss in area for each leaf sampled from the canopy and comparing
the damaged leaf area (evidence of leaf being eaten) to the intact leaf shape from scanned
images. The herbivory rate for each tree was estimated bassrtomulated damage by the

life span of the leaf to correct for potential underestimafidmrokawa and Nakashizuka,

2008) Hence, the production lost to leaf herbivory was calculated by multipN#Reas by

the herbivory rate. Given that this estimatimay be associated with substantial sampling
uncertainty and varies between canopy and understory level, we assigned a 50% error to the

multiplying factor.
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5.3.3. Estimate of BelowGround NPP (NPPsg)
Coarse Root NPP (NRRrse roots
Coarse root productivity is the least measured and estimated woody biomass component
because it is difficult to sample large biomass below the stem without destructive sampling of
trees. To estimate coarse root biomass, we used an allometric equatiararfee coot
biomass developed from a largeale root excavation study in the Pasoh Forest Reserve in

Peninsular MalaysiéNiiyamaet al, 2010) a similar lowland dipterocarp forest to our study

site:
Dry mass to@scsm DBBEG2I3DBEA° (Eq. 5.5)
Dry mass toe®bcsm DBHBa7ODBH (Eq. 5.6)

where coarse roots per tree is in kg (coarse root in Equation 5.5 corrected for lost roots), and
DBH is in centimetres. Because there is some uncertainty surroundinge coawt
measurement, the allometric model, and variations between sites, we assign an error of 40%

and propagate this through our calculations.

Fine Roots NPPNPPine rootd

Production of fine roots was quantified using ingrowth cores, which were
systematically installed in a 3 x 3 grid on each site in May 2008. Nine ingrowth cores made
from mesh nets (mesh size: 13rof 14 cm diameter and 40 cm height were installed to 30
cm in each site. The mesh nets were extracted every three months framls&=ep2008 to
October 2009, with new ones being installed at the same time. Roots were removed manually
from the extracted soil cores in four-frfinute time stepgMetcalfeet al, 2007) Rootfree

soil was repacked into the mesh net and placed backhatsoil. These cores were reinserted
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and compacted with care to replicate the natural soil conditions, horizon structure and bulk
density as closely as possible. We fitted a logarithmic curve to the first 40 minutes of
extracted root and predicted cumultatroot mass up to 100 minut@detcalfeet al, 2007)

On average, an additional 38% and 49% of fine root mass on clay and sandy loam soils was
collected in each ingrowth cores, which is comparable to the prediction put forward by
Metcalfeet al (2007) Fine production was estimated by scaling to alueetare area.

Given that fine roots production was estimated between 0 and 30 cm from the soil
surface, we corrected the estimation up to 100 cm depth to reduce the discrepancies in fine
root production measured from different soil depths. The depth correction applied h
assumed thahe ratio of fine root to coarse root biomass was invariant with depth, and fine
root productivity per unit of fine root biomass was invarigalhi et al, 2009) Following a
similar approach to that employed bhalhi et al (2009) the correction factor was calculated
using theroot profile biomass in the Pasoh Forest Resgroela, 1978) We extrapolated the

root biomass up to 100 cm based on the following equétioda, 1978)

Wg =Wgoe x plk (Eq. 57)

whereWr is the dry mass of fine roots in Mg -ham™, Wk is the biomass density of fine
root at surface soil given as a constant value at 1.5 Mgchd, eis given as constant of
0.073, and z is the soil depth in centimetres. Hence, the correction factwwilfaepth

between 30 cm and 100 cm was 1.125.

5.3.4. Statistical and Error Analysis

We analysed the data in this study to determine NPP components and allocations for above

and belowground biomass over time. Using the monthly estimates, we plotted the results to

l ook for seasonal viestr was usedam compard dinces it thelent 0 s
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annual and monthly mean between the clay and sandy loam sites. Statistical analysis was
conducted using R statistical software (version 2.13.0; R Development Core Team) and the

results were plotted using SigmaPlot 10.0 (Systat Software, Inc.

We presented mean estimates with standard deviations (SD; reported as mean = SD)
and standard errors (SE; reported as mean = SE). The propagation of errors were based on the
guadrature of absolute errors for addition/subtraction and the quadraturepoftipnal
errors for fractiongas in Aragacet al, 2009; Malhiet al, 2009) with the assumption that

the uncertainties are independent and normally distributed.

5.4.Results
5.4.1. Meteorology

We analysed meteorological data for the two periods 220D (a cotext period) and
2008 2010 (the measurement period) (from an 80 m canopy crane approximately 3 km away
from our study site). Lambir is characterised by little seasonality in cli(Ratmagaiet al,
2005) The strongest seasonality is manifested in terfmaiofall, with a strong wet season
associated with the nordastern Monsoon from September to January, and a drier season
from February to August (Figure 5.1c). However, even the drier season has mean monthly
rainfall around 150 mm mb well above thel00 mm mé typically transpiring from forest
canopiegFisheret al, 2007) indicating that the site does not experience water stress at any
time of the year. It should be noted, however, that the region does experiencd&ixoing
associated droughtbout once per decaq#/alsh and Newbery, 1999; Malhi and Wright,
2004) Total mean annual precipitation over theyBar period was 2,630 mm, and over the
threeyear observation period was 2,694 mm. The other meteorological variables show
moderate seasalty associated with the precipitation seasonality. In the very wet season,

solar radiation is slightly lower (Figure 5.1a), relative humidity is slightly higher (Figure
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5.1b), and air temperature i$2L.°C cooler. Soil moisture, sampled once per moritbws

little coherent variation over the year, as would be expected from a wet site where the time

since the last rain event is probably the biggest influence on measured values. Mean annual
solar radiation is 187.3 + 12.6 Wnfmean + SD), mean annual aée humidity is 86.5 +

1.6%, and mean annual air temperature (on the 80 m crane, ground level will be about 0.4 °C
warmer) is 25.9 £ 0.3 °C. Over our measurement period, soil moisture was significantly

higher on clay (mean = 29.5 £ 2.2 %) than on saadgl(mean = 27.4 £ 2.1%).

5.4.2. Forest Structure and Biomass
The average wood density was 0.61 + 0.11 g ¢mean + SD) on clay and 0.61 + 0.11 g cm
on sandy | oam. The mean height of trees (O
recent census (2008) wa8.& + 0.4 m (mean = SE) on the clay site and 19.6 + 0.3 m on the
sandy |l oam site. The mean height of canopy t
and 37.7 = 0.6 m on sandy loam. This is substantially higher than the mean heigfitg5of 20
m for similar trees greater than 40 cm DBH reported for humid Amazonian forests

(e.g.FarfanAmezquitaet al., submitted2012) Height was not significantly different between

the clay and sandy loam sites (t = 0.3¥afue = 0.71,-test).
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Figure 51: Monthly mean a) solar radiation (W 3 b) relative humidity (%), c)
precipitation (mm), d) air temperatureCj, and soil moisture (%) on e) clay and f) sandy
loam in Lambir (meteorological data from canopy crane) over observation period between
2008and 2010. Shaded area is meteorological data between 2000 and 2010. Each point of
soil moisture (e and f) is the average of point measurements obtained from both clay and
sandy loam sitesn(= 25) from September 2008 to October 2010. Errors are plotted as
standard deviation of the mean.
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The average abowground coarse woody biomass (trésk) cm DBH) between 1992
and 2008 was 210.4 Mg C han the clay site and 254.5 Mg Chan the sandy loam site
(Table 5.1). For smaller trees (< 10 cm DBH), the mesne was 6.9 Mg C Haon clay and
85MgChdon sandy | oam. For |l arger trees (O
C ha' on clay and 179.9 Mg C Heon sandy loam. The number of trees (> 10 cm DBH) on
clay (429 stems h8 was substantially lowehan on sandy loam (642 stems‘hd.ooking at
the longeiterm data, we can see that abgveund coarse woody biomass (trée$0 cm
DBH) showed moderate variation, with a notable decline (19.9 Mg'dmthe sandy loam
site over the period 1992003, which may be associated with the strong 1997/Ed98fio

drought (Figure 5.2). The clay site showed a smaller variation in overall biomass.

Table 51: Above-ground coarse wood biomass for all trees @y @and sandy loam sites
between 1992 and 2008

Mean aboveground coarse wood biomass (Mg C h§

1992 1997 2003 2008 Average
Clay 2155 199.0 207.8 219.2 210.4
Sandy loam 253.0 264.0 244.1 256.7 254.5
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Figure 52: The mean growth for trees greater than 10 cm diameter breast height (DBH)
(solid circle), less than 10 cm (open circle), and mortality for all trees (solid triangle) on a)
clay, and b) sandy loam soils over three census intervals between 1992 and 2008.

5.4.3. Above-Ground Coarse Wood NPP NPPacw) and Seasonal Pattern

Over the long term, the mean woody growth of trees (> 10 cm DBH) was 4.06 £ 0.41 Mg C

ha'yr! on the clay site and 2.89 + 0.29 Mg C'ya* on the sandy loam site. For smaller

tress (< 10 cm DBMit was 0.18 + 0.02 Mg C Hayr* on clay and 0.17 + 0.02 Mg C hgr*

on the sandy loam site (Table 5.2). Consequently, the NiRBAcw was 4.24 + 0.42 Mg C

ha' yr' and 3.05 + 0.31 Mg C Hayr® on clay and sandy loam respectively. Dividing the

aboveground biomass by thdPPacw, we calculated the mean carbon residence time to be

51 years on clay and 86 years on sandy loam.

190



Table 52: Summary of the total annual average net primary productivity (NPP) for above
and belowground components on both the drectare clay and sandy loam sites. All fluxes
are reported iMg C ha' yr*. Reported errors are the sample standard error of the.me

Clay Sandy loam
Mean Standard error  Mean Standard error
NPPA CW (06 10 cm D 4.06 0.41 2.89 0.29
NPPacw (<10 cm DBH) 0.18 0.02 0.17 0.02
NP Pitterfa 7.89 0.43 5.99 0.46
NPPieaves 5.52 0.37 4.35 0.29
NPPm,igs1 1.39 0.17 0.70 0.11
NPPreprod” 0.25 0.06 0.47 0.10
NPPgebris 0.73 0.11 0.47 0.06
NP Prerbivory 0.27 0.14 0.21 0.11
NPPyranch turnover- 0.53 0.09 1.08 0.11
NPPcoarse roots 0.93 0.37 0.65 0.26
NPPiine roots 1.96 0.55 1.86 0.30
NPPac 12.93 0.61 10.34 0.57
NPPsc 2.89 0.67 2.51 0.40
NPProtal 15.82 0.90 12.85 0.69

" woody material < 2 cm diameter

Z reproductive materials (e.g. flowers, fruits, seeds)

% woody material > 2 cm diameter, including fallen stem and bark

Key: NPPacw, aboveground coarse wood NPRPRiertan, litterfall NPP;NPReaves leaves NPPINPPyigs,

twigs NPP,NPPepos reproductive materials NPRPPyepis undefined fine debridNPPiemivory NPP lost
to leaf herbivory;NP Py anch turnover Dranch turnover NPRNPP.oarse roots COarse roots NPRPPine roots fine

roots NPPNPP,g, aboveground NPPNPPs, belowground NPP.

Over the 18month measurement period, we found little evidence of seasonality in
growth rates. In fact, the signal appeared dominated byantaual variability, with higher
growth rates in the 2010 drier season (June to September) than in the eq@@%eseason
(Figure 5.3). The mean monthNPPacw based on the dendrometers was 0.33 + 0.01 Mg C
ha' mo* on clay and 0.25 + 0.02 Mg C hanc™ on sandy loam. In summary, the clay soil
plot is characterised as a plot with relatively low biomass, moral trees, and high growth

rates and tree turnover rates. The sandy soil plot has high biomass, more medium and large

trees, slower growth rates and slower tree turnover.
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Figure 53: The monthly abowground coarse wood NPP for all trees (> 10 cm DBH)
measured using dendrometer on clay and sandy loam sites between June 2009 and September
2010. Each point is the average monthly growth scaled up usingnttonetly dendrometer

data and based on growth rates estimated from the monthly dendrometer dist for
growing trees. Shaded area is the monthly rainfall from 2009 to 2010.

5.4.4. Seasonal Variation of Litterfall NPP (NPPiertan )

The litterfall NPP KPRixera) Was 7.89 + 0.43 Mg C Hayr™ on clay and 5.99 + 0.46 Mg C

ha' yr! on sandy loam (Table 5.2). The fractions of litterfall (clay/sandy loam) were
partitioned into 70.0 = 6.0/72.6 £ 7.4% leaves, 17.6 + 2.4/11.7 = 2.0% twigs, 3.2 + 0.8/7.8 =
1.8% reproductive materials, and 9.3 £ 1.5/7.8 + 1.2% of undefined fine debris.

Litterfall and leaves presented some evidence of seasonality, with higher rates
typically during the drier period on both clay and sandy loam (Figure 5.4a and 5.4b). Given
that litterfall collection was at a different period and incomplete for ay&dr cgle, the
evidence of seasonal variation may be tentative. However, there were contrasting trends
between both years from July to August, suggesting some effects due to the mass flowering
of dipterocarps that occurred in June 2009 (Figure 5.4a and 5.40NHAMPeprod NPPuwigs,
and NPPyepris Showed very little seasonal and intemual variation, with several periodic

peaks on both the clay and sandy loam sites (Figure 5.4c, 5.4d and 5.4e). Similar seasonality
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in litterfall rates was observed in northern Borneo, with no apparent relationship to dry and

wetter monthgBurghoutset al, 1992; Saneet al, 2012)

5.4.5. Seasonal Pattern of Leaf Production

The means of LAl recorded from August 2009 to May 2010 weren3122 on clay and 5.6

m® m? on sandy loam. LAI decreased over time on the clay site, but showed no overall trend
in regard to the sandy loam site (Figure 5.5a). We determined SLA based on dominant
species, with DBH in the range of 1.0 to 80.0 cm andhesght between 6.0 and 44.0 m on
clay and sandy loam sites. The mean SLA was 14.8 + 4l&fon clay and 8.1 + 0.3 kg’

! on sandy loam. This is comparable to previous reported SLA with similar species and
heights(Yoda, 1983; Osadet al, 2003;Paoli, 2006)

Using monthly changes in the LAI (dLAI) and the estimated SLA for dominant
species for both sites, we estimated the seasonal variation in leaf production from August
2009 to May 2010. Since our litterfall collection period did not fullyncae with LAl image
recording, we substituted leaf litterfall data between September and December 2009 with data
from September to December 2008 and assumed that there was little variation in the leaf fall
between 2008 and 2009 (t = 141> 0.05). Therevas no evidence of a seasonal pattern in
leaf flush or leaf fall at the clay site. At the sandy loam site, there was a suggestion of higher
leaf production in the driéwet transition (Augu$tDecember). However, with the lack of

concurrence of LAl and led#ll data, such evidence should be regarded as tentative.
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Figure 54: The seasonal variation of monthly NPP for a) litterf®NIPiterran), b) leaf
(NPPReavey, €) twigs (NPPuwigs), d) reproductive materialiNPReprod, and undefined fine

debris NPPsenri9 on clay and sandy loam sites between 2008 and 2009. Monthly rainfall
(mm) is the shaded plot area from January 2008 to December 2009. Each point is the average
litterfall collections ( = 2) per month. Errors are plotted as the standant of the mean.

5.4.6. Branch turnover NPP (NPPyranch twrnover)
The branch turnover NPP for woody material (> 2 cm diameter) was significantly higher on
the sandy loam site (1.08 + 0.11 Mg C'ha™) (mean + SE) than on the clay site (0.53 +
0.09 Mg C h& yr') (t = 2.8,p < 0.05) (Table 5.2). Branch turnover showed little seasonality
over time on both clay and sandy loam sites (Figure 5.6). However, there was a sharp peak in
June 2010 on the clay site to a value of 2.28 + 0.14 Mg 'Gried, when a largéree caused
substantial damage to adjacent trees and branches over a large area. In the absence of a longer

datacollection period, this single event has a disproportionate effect on our estimated NPP.
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When this event is included in the clay SiPPyarch wmoveriS 2.16 + 0.14 Mg C hayr™.
However, when it is replaced with an average value from the rest of the peris@®hgncn
wmoveriS 0.53 = 0.09 Mg C hayr™. For our overall calculations, we decided that the latter

value was the betterteamate of mean longerm branch turnover.

5.4.7. NPP Lost to Leaf Herbivory (NPPherbivory)

The NPP lost to leaf herbivory was 0.27 + 0.14 Mg € yi& on clay and 0.21 + 0.11 Mg C
ha® yr* on sandy loam. Our estimated levelSNR Phervivory Were relatively higher than the

earlier study in Pasoh, which was estimated based on caterpillar frass droppings (Kira 1978).

5.1.1. Coarse root net primary productivity (NPPcoarse rootd

The average coarse root biomass was 48.5 Mg“'hahe clay and 57.6 Mg C han the

sandy loam sites. This was calculated using coarse root allometry derived for Pasoh, and the
ratio of coarse root over abegeound coarse wood biomass was 0.22 on both clay and sandy
loam. This is comparable to thergeral ratio value of 0.21 applied in the Amazonian forests
(Malhi et al, 2009) Using multiple censuses, we estimiifeP.qarse rootd0 be 0.93 + 0.37 Mg

C ha' yr' on clay and 0.65 + 0.26 Mg C har?* on sandy loam (Table 5.2). Similarly, the

ratio of NPPeoarse rootd0 NPPacw was 0.22 on clay and 0.21 on sandy loam.
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Figure 55: Seasonal variation of a) LAI, b) monthly leaf fall and production on clay, and c)
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512 F|ne ROOtS NPP NPPﬁne roots)

To our knowledge, this is the first attempt to quantify fine root NPP in a lowland dipterocarp
forest. Fine root production was 1.74 + 0.49 Mg C #&* on clay and 1.65 + 0.27 Mg C ha

yr! on sandy loam following cumulative prediction up to 100 minutes. Using the depth
correction factorNPPine oot Was 1.96 + 0.55 Mg C Hayr*on clay and 1.86 + 0.30 Mg C ha

! yr' on sandy loam sites (Table 5.2). Fine root production was higher touardsetter

period between late July and December 2008, and declined during the drier period between
March and September 2009 (Figure 5.7). The values in September 2008 and September 2009

were significantly different, indicating substantial intemual vaability.
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5.1.3. Allocation of NPP
By summing up the components described above, we estimated the totdllRIRR,( to be
15.82 + 0.90Mg C ha' yr' on the clay site and 12.85 + 0.69 Mg C'ha™ on the sandy
loam site (Table 5.2). Abowground NPP was 12.93 + 0.61 Mg C'ha™ on clay and 10.34
+ 0.57 Mg C ha yr* on sandy loam. Belowground NPP was 2.89 + 0.67 Mg Cha™ on
clay and 2.51 + 0.40 Mg C Hayr'! on sandy loam. The aboggound productivity
contributed 81.7 + 6.0% and 80.5 + 6.0% of the total NPP on the clay and sandy loam sites
respectively.

Out of theNPProta, NPRiterran cONtributed the largest fraction of 49.9 + 3.9% and 46.6
+ 4.9% on clay and sandy loam respectivdllis is followed by abovground coarse wood
productivity of 26.8 £ 3.0% on clay and 23.8 £ 2.6% on sandy loam. Fine root NPP
contributed between 12.4 * 3.6% and 14.5 * 2.5%, while coarse root contributed
approximately 5.9 + 2.4% on clay and 5.1 + 2.08sandy loam. Henc&PPss contributed
18.3 £ 4.3% and 19.5 *+ 3.3% of total NPP. The NPP on the clay site was consistently higher

than on the sandy loam site, with significantly higher values in regard to the productivity of
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woody biomass, leaves, twigsadalitter debris. Only reproductive NPP was higher on the

sandy site, and there was no significant difference in fine root NPP between the sites.

5.2.Discussion

5.2.1. Seasonal Variation of the Allocation of NPP
We found moderate evidence of seasonality inbib@get and allocation of NPP, but some
evidence of strong inteannual variation in the components of NPP. In addition, the
allocation of NPP in this forest is inherently different between soil types, and may be
different to tropical forests elsewhere.

In this study, we have made several assumptions in order to capture a complete
picture of seasonality in relation to the components of NPP. Given that the seasonal
productivity of twigs, branch and smaller trees are not available, we have assumed that these
terms are proportional following the same seasonal cyddP&hcw (>10 cm DBH). Hence,
seasonal production is multiplied by the ratios of the annual production of these terms (Table
5.2). On the other hand, we have assumedNP&.poqequals the measutdoss of flowers,
fruits, and seeds because these components probably have a canopy lifetime of less than three
months.

Figure 5.8 illustrates the seasonal proportion and fraction of NPP components. This
guantification is the first attempt to explore tkariation of NPP components and the
allocation over the seasonal cycle for a Paleotropical lowland forest. Clay and sandy loam
sites show contrasting productivity patterns over the year. For the first half of the year on the
clay site, the NPP increases & high of approximately 1.3 Mg C ‘hano® (Aprili June)
following the wetter period. Productivity progressively declines to approximately 0.7 Mg C
ha' mo* (Octobei December) in the second half of the year, which is typically at the end of

the drier period (Figure 5.8a). The wetter conditions on clay may have provided favourable
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conditions on this soil and tropical clay substrates tend to have higher hrgtemtion and
hence encourage higher production. This is supported by previous studies that reported higher
productivity and allocation for tropical forests on high solil ferti{Bussoet al, 2005; Paoli
and Curran, 2007; Aragéet al, 2009; Clevelad et al, 2011; Viccaet al, 2012) On the
sandy loam site, however, productivity is highest in the less wet period $&gtember) at
approximately 1.1 Mg C Ramo™, and is generally consistent at approximately 0.9 Mg€ ha
mo™ in other months ovethe year (Figure 5.8c). In addition, anisohydric plants in Lambir
have higher productivity under moist conditioisumagai and Porporato, 2012This
supports our findings that higher moisture availability increases productivity, with a potential
lag in response to a wetter period.

On the clay plot, the largest allocation is to leaf production, with the highest allocation
at almost 40% during the wetter period (Figure 5.8b). It later progressively declined to a
lowest point of about 10% between October &etember. Similar patterns with smaller
proportions are allocated for twigs, reproductive materials, fine roots and branch.
Productivity tends to decline in the drier period and this reduces the allocation to leaves but
increases allocation to reprodu@imaterials and fine roots. The proportions of abawel
belowground wood are fairly consistent, with slightly larger proportions allocated to -above
ground coarse wood in the second half of the year.

In the sandy loam plot, the seasonal allocation sadeer time (Figure 5.8d).
Contrary to clay, productivity is at its highest of about 1.1 Mg €ta towards the end of
the drier period between July and September. Lower productivity occurs during the wetter
period at approximately 0.9 Mg C hano™. When productivity is highest, a larger allocation
is invested in the production of leaves. However, when productivity is low during the wetter
period the allocation is mostly to abegeound coarse wood and fine roots. Similarly, on the

sandy loam the praption of reproductive materials is larger during the drier period.
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These contrasting patterns suggest the seasonal allocation of NPP is different on clay
and sandy loam sites. During the wetter period the proportion of leaves is larger on clay, but
moreallocation is in the abovground coarse wood and fine root on sandy loam (Figure 5.8b
and 5.8d). In the drier period, there is a shift of allocation from leaves to-gbmwed coarse
wood and reproductive materials on clay, while on the sandy loara &tge proportion is
allocated to leaves, reproductive materials and algovend coarse wood. Because spatial
distributions of tree species in Lambir are edaphically bigBatmiotto, 1998; Pottst al,

2002; Davieset al, 2005)and show contrasting growth and mortality rates on different soil
types(Russoet al, 2005; Itohet al, 2012) the seasonal allocation of NPP is likely to be
affected by nutrient availability in the soil coupled with different demographic-oHise

The allocation of NPP beloground to fine roots shows strong effects in the wetter
period. On the less nutriepbor clay soil, where soil retains more water, the allocation to
fine root is significatly higher (t = 31.7p < 0.0Q) (Figure 5.8b)Greenet al (2005)found
that fine root biomass is positively correlated with precipitation, but they found no
relationship with soil nutrients. While the abeg@und NPP may be linked to soil fertility,
the belowground productivity is strongly explained blyet availability of wate(Sanchez
Gallén and AlvareSanchez, 1996; Caveliet al, 1999; Greeret al, 2005) In contrast,
higher fine root production on sandy loam soil during the drier period may be explained by
the lower wateiholding capacity that may have increased root productivity to maintain soil
water accesgAragaoet al, 2009) Although there is noifference in fine root production
between clay and sandy loam soils (Table 5.2), the allocation to fine roots appears to be
slightly higher on sandy loam (Figure 5.8). However, the allocation is not significantly
different between plots (t = 0.37, p > O)OBloreover, any observed seasonal patterns should
be interpreted with a high degree of caution as data were only collected over one annual

cycle, and there is evidence of strong irdanual variability. In addition, our measurements
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were conducted duringne of the driest period between 2000 and 2010 and also incorporated

a mass flowering event.
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5.2.2. Overall Allocation of NPP
Total NPP is consistent with results from several sites in the Southeast Asian region (Table
5.3) (Kira et al, 1967; Kira, 1978; Kira, 1987PDur estimation ishowever, relatively higher
than the average total NPP across several Amazonian sites (Table 5.3) and the montane
forests(Hertel et al, 2009) This higher estimation in our study is partly due to an extensive
measurement of NPP components (e.g. coas,rtmst to leaf herbivory), such as have not
been measured in previous studies. The average ratio of-ghmwed and belovground
NPP was 0.81 and 0.17 on clay and sandy loam respectively.

The allocation of abovground NPP between stem and canopy shawsubstantial
difference between clay and sandy loam. The allocation pattern on clay is similar to that
reported in Kalimantan, suggesting a saturating function betiNe&e roots@aNdNPPacw at
high NPP sitegPaoli and Curran, 200/7pas observed in our study on the clay soil. The
allocation pattern on sandy loam is quite similar to that in the Neotr@galki et al, 2011)

Hence, there is substantial variation in the patterns of allocation in lowland dipterocarp forest,
with no fixed ratio(Malhi et al, 2011) Furthermore, the allocation between three major
components of NPP is partitioned into (canopy : wood : fine root) 8:4:2 on clay and 6:3:2 on
sandy loam. Overall, the highest fraction of NPP is allocated to woody materidileatehst

to fine rootg(Malhi et al, 2011)

Herbivory loss is usually unaccounted for because it is often a small and negligible
contribution (Clark et al, 2001b) Kira (1978) showed that grazing by caterpillars may
consume approximately 0.15 Mg Char™. The rate of consumption derived from the rate of
faecal droppings by caterpillars was estimated based on the efficiency of assimilation given
as 13%. However, we show higher rates using herbivory rates measured from the canopy in

Lambir (Kurokawa ad Nakashizuka, 2008)
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Table 53: The mean (£ standard error) total NPP of tropical forests in Asia and the

Amazon.
Site Forest type Total NPP Reference
(Mg C hatyr™)
Asia
Malaysia: Lambir Lowland dipterocarp 15.9+0.9 This study
Malaysia:Lambir Lowland dipterocarp 13.0£0.7 This study
Malaysia: Pasoh Lowland dipterocarp 13.7+1.4 Kira (1978)
Malaysia: Pasoh Lowland dipterocarp 128+1.3 Kira (1987)
Thailand: Khao Chong Seasonal evergreen 143+1.4 Kira et al (1967)
Thailand:Central Deciduous dipterocarp/ 6.1+0.6 Oginoet al. (1967)
Thailand Dry evergreen
Indonesia: Sulawesi Premontane 6.7+0.3 Herteletal. (2009)
China Tropical forest 7.2+1.6 Ni et al (2001)
China: Fujian Subtropical forest 11.2+0.6 Yanget al (2003)
China: Xishuangbanna Tropical seasonal 8.8+0.9 Tanet al (2010)
India: Western Ghats Wet evergreen 11.9+2.0 Swamyet al (2010)
Estimated Mean 11.0+0.3
Amazonia
Brazil: Caxiuana Moist old-growth 11.6+£0.7 Aragdoetal. (2009)
Malhi etal. (2009)
Brazil: Tapajos Moist old-growth 14.4+09 Aragéoetal. (2009)
Malhi etal. (2009)
Brazil: Manaus Moist old-growth 10.8+1.0 Aragdaoetal. (2009)
Malhi etal. (2009)
Colombia: Agua Pudre Moist lowland 11.5+05 Aragdoet al (2009)
Colombia: Zafire Moist lowland 9.3+1.3 Aragdoet al (2009)
Estimated Mean 11.5+04

" Clay soil site
2 Sandy loam soil site

" 10% standard error assigngtagdoet al, 2009; Malhiet al, 2009)

In fact, herbivory damage in the canopy is generally loy@oley and Barone, 1996;
Kurokawa and Nakashizuka, 2008)ggesting a higher level of damage if measured in the
understory.Our estimates are within the range between two mature tropical folestirsi

Amazonia, namely Tambopata (0i6€574 Mg C hd yr') (FarfanAmezquita et al,
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submitted2012) and Caxiuana (0.20 Mg Chsr?) (Doughtyetal., submitted?012) The

proportion 0fNPRerbivory to NPPrqta is still small, at less than 2%.

5.3.Conclusion
Our study provides a detailed description of the NPP budget and its seasonal allocation in a
lowland dipterocarp forest. We find that the NPP in a dipterocarp forest is large and that
considerable production is allocated to abgweund NPP. Pructivity and the seasonal
allocation of NPP are relatively different on clay and sandy loam. There is evidence that the
dryi wet seasonality may shift the allocation of NPP on clay and sandy loam, even though this
forest does not experience a significamitev stress season. It is important to note, however,
that these results are taken from two geographically close plots and that further similar
studies are needed before we can generalise about the productivity and carbon cycle of the

tropical forests intte old world .
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Chapter 6




Chapter 6: Comprehensive Assessment of th@arbon Budget of a Bornean
Lowland Dipterocarp Forest

Overview

The classic pioneering study conducted during the International Biological Programme (IBP)
programme in Pasoh has been the fundamental reference point in the understanding of carbon
cycles intropical forests (Kira, 1978). Since then, there has not yet been any study illustrating
or improving on such a complete carbon budget for an Asian tropical forest. In this study, |
present the first comprehensive carbon budget for a lowland dipterocasp ifo Borneo. |

focus on the autotrophic respiration and integrate the heterotrophic respiration resulting from
the soil CQ efflux partitioning study previously described in Chapter 4. Combining all the
net primary productivity (NPP) estimates from Chapter 5, the comprehensive carbon budget
is synthesised and illustrated in a tree diagram. Finally, | compare this new restittates

from Pasoh and several established sites in the Amazon. Ultimately, this study will provide a

detailed description of the carbon cycle of lowland dipterocarp forest.

Various collaboratorscontributed to this study providing data that | washleao
measure during the course of my D. Phil . and
and Tomonori Kume provided the meteorological data; Hiroko Kurokawa provided herbivory
data; Stuart Davies provided the census data; Sylvester Tan provided assistance
experimental design; and Mohd. Haniff Harun provided various instruments for

measurements. The study overall and this chapter were supervised by Yadvinder Malhi.

" Contribution Statemenéxperimentatiesign: KLK, YM, ST, MHH; data gathering: KLK, S@ata
analysis: KLK; interpretation of results: KLK, YM; paper writing: KLK.
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6.1.Abstract
Carbon allocation is an important but poorly understood component o¥¢heg of carbon
in a tropical forest ecosystem. In this study, we quantify abaweé belowground NPP and
the autotrophic and heterotrophic respiratory fluxes in a lowland dipterocarp forest at Lambir
Hills, Borneo. The total annual NPRPPr) Was 5.9 + 0.9 Mg C hayr™ on clay and 13.0
+ 0.7 Mg C h& yr! on sandy loam. A larger proportion of production was allocated to
aboveground NPP, at approximately 81.8 £ 6.0% on clay and 80.0 £ 6.4% on sand of
NPProa. Total annual belovground production was approximately 20%aN#® Prqta ON both
clay and sandy loam. Scaling respiration to the ecosystem, we estimated an average annual
total ecosystem respiratioRa) of 32.2 + 4.0 Mg C hayr? on clay and 33.9 8.6 Mg C
ha' yr! on sandy loam. Autotrophic respiration contributed 66.2 + 14.8R&fi on clay
and 60.8 + 12.5% on sandy loamRsfa. Carbon use efficiency (CUE) wealativelysimilar
on both substrates: 0.43 + 0.05 and 0.39 £ 0.05 on clay adg &am respectively, which
indicated that approximately 40% of photosynthate was allocated to NPP for production of
new organic material. The estimated gross primary productivity (GPP) was 37.2 + 4.1 Mg C
ha' yr' on clay and 33.6 + 3.7 Mg C har™ on sandy loam, and in good agreement with
independent modelled estimates of GPP. The lowland dipterocarp forest in Lambir showed a
similar level of GPP compared to tropical forests in Amazonia, but higher levels of NPP and

CUE.
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6.2.Introduction

One of themain areas of interest in global climatic changes is to understand the exchange of
carbon dioxide (Cg between the biosphere and the atmosphere. Tropical forest accounts for
approximately onghird of the global terrestrial NP@Field et al, 1998; Gracest al, 2001;
Grace, 2004)and thus plays a key role in the global carbon cycle. In addémyt25% of
the worlddéds terrestrial bi omass (Jabbady asdo i | C ¢
Jackson, 2000)As a result, a small shift in the intetiac between tropical forest and the
at mosphere could have i mportant conseqguences
global carbon budget. Given the dominant role of tropical forests in regulating global
terrestrial atmospheric C@exchange andlimate, it is important to quantify and understand
a comprehensive carbon budget and the dynamics of this ecosystem.

Plants take up C£through photosynthesis or GPP, and at the same time release it to
the atmosphere through respiration. The balarichese two large fluxes is NPP, defined as
the rate of the production of biomass and organic matter produced by the plant over a
specified time interval. Tropical forests have been estimated to contribute approximately 34%
of the total global terrestri@PP(Beeret al, 2010) In addition to photosynthesis, an equally
important large flux is respiration involving autotrophi®;( leaf, stem, root) and
heterotrophicR; litter, soil organic matter (SOM) decomposition) processes. However, there
have beenvery few studies, particularly in tropical forests, aimed at quantifying and
understanding these respiration components, NPP and GPP at ecosystdiKireyvéb78;
Yoda, 1983; Chambest al, 2004; Cavaleret al, 2008; Malhiet al, 2009; Metcalfeet al.,
2010b; Taret al, 2010)

The first carbon cycle description in a Southeast Asian tropical forest was the
pioneering study in the Pasoh Forest Res@fua, 1978; Kira, 1987)but since then similar

studies have been limitedHertel et al, 2009; Tanet al, 2010; Sanert al, 2012)
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Alternatively, the focus have recently shifted to the micrometeorological approach intended
to quantify the net carbon budgetg. Saitoket al, 2005b; Kato and Tang, 2008; Kosgi

al., 2008; Mizoguchiet al., 2008) In complex tropical forest environments, however,
uncertainties surround these micrometeorological approd8aéshet al, 2005a; Araudjcet

al., 2008) Recently, there have been significant advances towards developing an accurate
carbon budet by directly measuring and quantifying components of NPP and respiration
(autotrophic and heterotrophic), particularly in the Amazonian fo(€stamberst al, 2004;
Luyssaertet al, 2007; Malhiet al, 2009; Malhi, 2012) This recent effort has yd¢b be
extended to Paleotropical sites.

In this study, we aim to quantify each component of NPP (abomend wood,
canopy, herbivory loss, branch turnover, coarse roots and fine roots), and the respiratory
sources (stem, leaf, roots and the soil) toeusi@dnd its relative contribution to the overall
carbon budget in a lowland dipterocarp forest in Lambir Hills National Park, Sarawak,

Malaysian Borneo. Specifically, we aim to address the following scientific questions:

1. What is the overall allocation PP components and respiration rates (autotrophic
and heterotrophic) in Lambir, and how do they vary between clay and sandy loam

sites?

2. What is the total budget of carbon productivity, CUE, and NPP in Lambir, and how

do they differ between these sites amgical forest elsewhere?
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6.3.Materials and Methods

6.3.1. Site Characteristics
This study was carried out in the Lambir Hills National Park, Sarawak, MalaysiaZ,
114 2 &). Lambir isan exceptionallydiverse lowland mixed dipterocarp forest, with the

highest recorded tree diversity in the Paleotropishton, 1964; Davies and Becker, 1996;

Leeet al, 2002; Ashton, 2005) Bas al area (trees O 8.9 cm di

is between 43 an83 nt ha® (Yamakuraet al, 1986; Phillipset al, 1994) whilst above
ground biomass is between 249 and 260 Mg € (vamakuraet al, 1986; Chaveet al,
2008) Although there is little seasonality in climate, Lambir experiences stEbiNjiio-
associatd droughts about once per dec@darrison, 2008) The mean annual rainfall was
approximately 2,630 mm for the period 20@010 (recorded from an 80 m tall canopy crane
approximately 3 km away from our study site). The drier season has mean monthlyohinfa
around 150 mm nmiy well above the 100 mm rifothat typically transpires from forest
canopiegFisheret al, 2007) The mean annual temperature in Lambir for the periodi2000
2010 was 25% with little seasonal variation.

Investigations were carried out ihe 52-ha forest dynamics plot in the Lambir Hills
NationalPark, whichis part of the Center for Tropical Forest Science (CTFS) global network
of large plots(Condit, 1995; Leeet al, 2004) In the 52ha plot, weestablished two one
hectare research plots (186®x 100 m), one each on clay and sandy loam sites. The one
hectare plot was further divided into 25 subplots measuring 20 m. The clayich udult
Ultisols (Soil Survey Staff, 2006are shalalerived sds (typically 40% sand), with a thin
litter layer on the soil surface, relatively higher fertility, and high whtdding capacity
(Davieset al, 1998; Daviet al, 2005) The sandy loam humult Ultiso{Soil Survey Staff,
2006)are sandstonderived gils, with densely matted fine roots on the surface horizon, high

sand content (typically 68% sand), low levels of nutrients and low \uatding capacity

220



(Ashton and Hall, 1992; Daviex al, 1998) Shalederived soils typically occur in losying
gullies, while the sandstoserived soils occur mostly on slopes and rid¢i@avieset al,
1998) The altitude difference (highest and the lowest points) between these two contrasting
soil types is approximately 150 m, with steep slopes, undulating ternagh,camplex
bisected topographflYamakuraet al, 1995) The soils and geomorphology of Lambir have
been previously described in detéghizukaet al, 1998; Baillieet al, 2006; Tanret al,
2009)

In addition, we established two smaller researchsp®® m x 20 m) located outside
of the 52ha plot, on clay and sandy loam soils. These sites were chosen according to soil
types, species and elevation that were similar to and representative of thectare plot.
These smaller plots were dedicated moirstensive soil partitioning study using the Detritus
Input and Removal Treatment (DIRT) experimental approé&hlzman et al, 2005;
Nadelhofferet al, 2006) Each of the DIRT plots was dded into three 1In x 5 m subplots
as replicates, and furtheivitled into eight 2 m x 2 m treatment plots (see section 4.3.2,
Chapter 4Kho etal., submitted2012a;Kho et al., submitted2012b) Treatment plots for soll

CO;, efflux partitioning are summarised as follows:

a) Control (Tc) i Undisturbed condition witmormal aboveground inputs of litterfall,
defined as total soil CCefflux (Ry)

b) No Litter (Tny) T Aboveground inputs of litterfall and woody materials excluded

c) Double Litter o) T Enriched with additional litter inputs (i.e. litter from tAg_

treatment and exposed to normal aboveground litter inputs thereafter

d) No Input (T\y) T Above-ground litter inputs and roots excluded to retain only SOM,

defined as SOM respiratioR{on)
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e) Mycorrhizae Twmy) T Excluded ingrowth of roots, but allowed ingrowth of

mycorrhizae hyphae

6.3.2. Estimating Components of NPP and Respiration
The main components of NPP and respiration were measured using the protocols developed
by the RAINFORGEM network (gem.tropicalforests.ox.ac.uk) to facilitate direct
comparison with new NPP data emerging from the African and Amazonian tropics.
Measurement®f NPP components and soil respiration have been previously described in
detail (see Chapter 4 and Kho etal., submitted2012a;Kho etal., submitted2012b)and so
are only summarised here. The ultimate aim here is to estimate the overall NPP, GPP and

CUE of a lowland dipterocarp forest.

Measuring CO; Efflux
StemCO; efflux (Rtem

We measured stem G@fflux (Rsenm) USing a portable InfrRed Gas Analysis (IRGA)
system (EGM4 and SREL soil chamber, PP Systems, UK) with a custoade adaptor to

fit on soil collars. A PVC collar measuring 11 cm diameter and 10 cm length was sealed to
each stem at 1.3 m above ground using-setting sealant and glue. Collars were shaped
according to the curve on the stem surface in order to provide a good seal @amtlees.

Prior to installation, mosses and epiphytes were removed to provide the optimal surface areas
for sealing. Collar depth on each stem was recorded to estimate the volume 8&xCO

calculation. The field methods and equipment were adapteddeometal. (2010)

Measurements were conducted on a fixed collar for 18 randomly selected trees, with
DBH in the range of 1317150.7 cm on clay and 15.69.4 cm on sandy loam sites. The trees

selected had DBH representing our study sites. Monthly €flux was measured for 120
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seconds on each tree during the day, with repetition if measurements were incomplete (less
than 14 seconds). For each measurement, a linear fit to thea@Centration data proved to
be adequate in all cases (typicad 0 . 8t0the first winetseconds of data removed due to
the potential for initial disturbance associated with chamber placement on the collar.
Subsequent concentration data were sometimes also removed, to a maximum of 43 seconds,
if found to deviate from the linedit. Estimated stem CQefflux was carefully checked.
Stem CQ efflux measurements began in September 2008 and lasted until September 2009.

To scale the measured stem #iflux to whole trees, we estimated the total sum of
stem surface area and brarsthface area for the entire tree. Stem surface area is calculated

as a truncated corf¥oneda, 1993ysing the following equation:

i 2
Ast em Totrmi n h§+ b-fmi n (EQ- 6-1)

wherery, is DBH in metresymin is the radii at the top of the stem in metres, hnis the
height of the stem in metres. Thg, was calculated based on the taper equation pioneered by
Chamberst al (2000)

The surface area for branches was based on tharmmdel theory(Shinozakiet al.,
1964)and verified for trees in Pasoh Forest Reserve, Peninsular Ma(#gsiada, 1993by

using the following equation:

Ab= “K Idrﬂajxdmi n (EQ- 6-2)

where A, is the surface area of branches in metthgyx and dmin are the maximum and

minimum diameters of brancheB,.x was estimated to be 40% of DBH, adgi, was
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assumed to be 0.002 metf{&hinozakiet al, 1964; Yoneda, 1993K is the characteristics of
each tree derived from the pipeodel theoryShinozakietal., 1964)

The total surface stem area is simply the sum of Equation 6.1 and 6.2. We applied
these equations to all/l trees (O 1 cm DBH)
stem area index (SAI) over the ehectare plot. The estimated SAI wasg89 and 3.07 on
clay and sandy loam respectively. The average steme@lx per unit stem area was then
multiplied by the SAI. Finally, we aimed to explore the relationship between the average
monthly stem C@efflux andNPPxcw. We assigned a 40% ungartty to account for errors
associated with variation between the stem area and measurement uncertainty. Given that
stem CQ efflux is significantly related to surface area and volume, the measured stem CO
efflux was regressed against these variablesxpoee the relationshiglLevy and Jarvis,

1998; Meir and Grace, 2002)

LeafCO, Efflux (Rear)

In this study, we did not directly measure leaf respiration. Alternatively, we used the
nighttime leaf respiration estimated from nine dipterocarp species in Léidnzoet al,
2003) We attempted to accurately assess leaf respiratigy) (by estimating daytime
photoinhibition in order to obtain the total leaf dark respiration that incorporates
mitochondrial activity. Hence, we estimatBd,s by using a photoinhibition reduction factor

of 67% (as in the study by Malhet al, 2009) To s@le across the orw®ectare plot, we
multiplied Resr by the mean LAl derived from section 5.3.2 in Chapter 5
(Kho etal., submitted2012) The uncertainty in the multiplier was assigned as + 0.15 to
account for uncertainty in the amount of photorespiratiod the variation between sites

(Doughtyetal., submitted2012;FarfanAmezquitaet al., submitted2012)
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Coarse RooCO, Efflux (Reoarse rogt

Although coarse root may contribute to substantial respiration, it is rarely quantified. Using a
massbased approach, we multipliééPPxcw by the ratio of coarse root biomass to above
ground wood biomass, estimated at 0.22 on both clay and sandy loase¢tsea 5.3.3.,
Chapter 5Kho etal., submitted?012b) Here, we assigned an uncertainty of 40% to the

variation between sites and the sources of error due to the allometric model.

Soil CO, Efflux
The soil CQ efflux and partitioning data were derived from section 4.4.3 in Chapter 4
(Kho etal., submitted2012a) Measurement of soil CCefflux was conducted in the DIRT
experimental plot and orgectare plot, both for clay and sandy loam soils. Measurements
wererecorded using the aforementioned portable IRGA system, with a caséal® adaptor
to fit on soil collars.

In the DIRT experimental plot, soil GCefflux measurements were recorded from
each treatment plot from May 2009 to October 2@ased on these @asurements, the total
soil CO, efflux (Rs) was partitioned into litterR{ier), root Roo), SOM Rsowm), and

mycorrhizae Rmyc), with the following expression:

Rs = Ritter + Rsom + Rroot + Rmyc (Eq. 6.3)

where each component of the soil ££lux was calculated by taking the differences of the

soil CO, efflux between treatments in each subplot based on additional equations as follows:

Litter respirationRiter = TpL - Tc (Eq. 6.4)
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Root respirationRioot = Tne T Twye (Eq.6.5)

Mycorrhizae respiratiorRnyc= Tmyc - Tni (Eq. 6.6)

SOM respirationRsom = T (Eq. 6.7)

In the onehectare plotRs was directly measured from a designated measurement
point (microsite) near the centre of each subplot 2k 20 m). Measurements were
conducted over two years from October 2008 to October 2010. MoRsdyer the one
hectare plot was calculated based on the averageefilGx measured on each microsite. To
accurately estimate respiration from the soil comptnén the DIRT plot, we scaled the
mean annual respiration for soil components acrossheagre based on the ratio of total

annualRs over the DIRT plot to total annuBRl over onehectare.

Measuring NPP

Aboveground Coarse Wood NPP (NRRy)

Aboveground coarse wood production data were derived from section 5.4.3 in Chapter 5
(Kho etal., submitted2012b) We used multiple tree censuses from sandy loam and clay sites

to determine plotevel aboveground woody biomass and NPRRPacw). Aboveground

woody biomass was estimated as a function of DBH and wspedific gravity for each tree

(O 1 cm DBH) wusing an all ometr i ¢Chawapaht i on
2005) The aboveground wood productivity NPPacw) was then estimated based on the
change in woody biomass between census intervals plus the biomass of recruitment. Biomass

values were converted into carbon based on a dry stem biomass of @Matfith and

Thomas, 2011)
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Litterfall NPP (NP Piterfan)

Litterfall data were derived from section 5.4.4 in Chapt@® etal., submitted2012b) We
collected litterfall including dead organic material (woody material < 2 cm diameter) from
litter traps measuring 0.25%¢0.5m x 0.5 m). Collection began in JuR008 and continued

until August 20009. Litterfall was collected every 14 days to minimiseaip decomposition,
ovendried at 86C to constant weight, and weighed immediately after removal from the
oven. The litter was separated into i) leaves; ii) braachwigs and woody tissue; iii) fruits,
flowers and seeds; and iv) undefined fine debris. The sum of all these components was
determined as canopy production. Biomass values were converted by assuming that litter

biomass has a carbon content of 5@¢nzoet al., 2003)

Branch Turnover NPP (NRRnch turnover

Branch turnover production data were derived from section 5.4.6 in Chapter 5
(Kho etal., submitted2012b) Fallen coarse woody materials (woody material2>cm
diameter, including bark) were collected at thneenthly intervals from four 100 m x 1 m
transects established along the boundary within theheo&are plot between August 2009

and July 2010. Branches that were easily lifted were cut to only mtheltranseeatrossing
components, removed and weighed directly. Heavier and larger branches that could not be
removed were recorded for dimensions (diameter, height, and length), and were allocated a

wood density valubased on their decomposition stage.

Coarse Root NPP (NRRrse roots
NPPcoarse roovas derived from section 5.1.2 in Chaptegkho etal., submitted2012b) We
used an allometric equation for coarse root biomass developed from esdalgeroot

excavation study conducted at Pagdliyama et al, 2010) which is a similar lowland
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dipterocarp forest to our study sitBIPP.oarse rootiS Calculated by taking the difference

between census intervals, analogouN RPacw.

NPP Lost to Leaf Herbivory (NRRbivory

The production lost toleaf herbivory was derived from section 5.1.1 in Chapter 5
(Kho etal., submitted2012b) In this study, we adopted the mean herbivory rate of 0.0135%
per day from synchronous and continuous leafing patterns in Lambir reported by
KurokawaandNakashizukg2008) NPPRemivory Was estimated by multiplying the herbivory

rate by the annu@NPPRear.

Fine Roots NPP (NPR: rootd

Fine roots productionNPPine root9 data were derived from section 5.1.3 in Chapter 5
(Kho etal., submitted2012b) Nine ingrowth cores made from mesh nets (mesh size?)l cm

of 14 cm diameter and 40 cm height were systematically installed to 30 cm depth from the
soil surface on the clay and sandy loam sites. The mesh nets were extracted every three
months from September 2008 to October 2009. Extracted fine roots were predicted following
an established approadMetcalfe et al, 2007) Fine roots production was estimated by
scaling to onéhectare. Next, we applied a correction factor of 1.125 to spilhdbetween 30

and 100 cm to reduce discrepancies of fine root production from different soil depths
(Kho etal., submitted2012b) The depth correction was estimated following a similar

approach to that employed Malhi etal. (2009)
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EstimatingNPP, GPP, and CUE

The total NPP NPProt) is the sum of abovground productionNPPxs) and belowground
primary productionNPPsg). The total NPP is the sum BPPxc andNPPsg, and both these

terms are calculated with the following equations:

NPPAG = I\|PPACW (trees O i’d\lpcPM\/\D(Béda$ <10 cm DBH)+ NPHitterfalI + Nppbranch turnovert

NPPBG = NPF)fII’]e roots+ NPPCO&I’SG roots (Eq 69)

Total respirationRrota) is the sum oR, andR;, which is given as

Ra = Reaf + Rstem+ Rrhizosphere (Eq. 6.10)

Rh = Riitter * Rsom + Rewp (Eq. 6.11)

where Riizosphere IS fine roots respiration plus rhizomicrobial (including mycorrhizae and
rhizodeposits).

A large fraction, approximately 76% the decomposing coarse woody debris (CWD)
is respiredn sity, and the remaining fractiof24%) is transferred into the s¢Chamberset
al., 2001) Hence,Rcwp can be estimated from the inputs of CWD, multiplying them by a
factor of 0.76 £ 0.1%seeMalhi et al, 2009) NPP loss of volatile organic emissions is not

included here as this term is a small component and thus neg(idiblle et al, 2009)
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Under the quasequilibrium state when carbon inputs equal outputs, the sum of total

net carborproduced NPPrq) and theR, in plants is given with the following expression:

GPP =NPPrwm + R (Eq. 6.12)

Finally, CUE is the proportion PP to GPP, and thus given as:

CUE =NPProu/ GPP (Eq. 6.13)

6.4.Results

6.4.1. Total Respiration (Rrotar)
Rroa Was 32.2 + 4.0 Mg C hayr™ on clay and 33.9 + 3.6 Mg C har™ on sandy loam
(Table 6.1) Rrota Was largely attributed tR, on both clay and sandy loam sites, estimated at
21.3 + 4.0 Mg C Hayr* on clay and 20.6 + 3.6 Mg C thagr’on sandy loam during the
period of measuremerf, was 10.9 + 0.7 Mg C Hayr on clay and 13.3 + 0.3 Mg C har
! on sandy loam.

R, was quite similar between clay and sandy loam. The steme@Ox (Rsen) per
unit surface area ranged from 0.35 to 1.28 umoj 83 s (n = 158 measurements) on clay
and sandy loam. Using SAI to scd&g.macross the plots, the total anniRakmnon clay and
sandy loam was similar at 7.3 + 2.9 Mg C'ha* and 5.8 + 2.3 Mg Ga* yr’ respectively.
Leaf respirationReas) contributed the largest flux of approximately 26.4 + 8.6/26.6 + 8.5% of
the total Ryoia ON clay and sandy loam (clay/sandy loam) (Figure 6.1a, Table 6.1). The
estimatedRe,s corrected for photorespiration was comparable to other similar studies in
tropical forests elsewhe{€hamberst al, 2004; Malhiet al, 2009; Metcalfeet al, 2010b;

Tanet al, 2010) Based on the soil G@fflux partitioning study, the fraction ¢¥ine root WaSs
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7.8 £ 1.5% on clay and 8.8 + 1.1% on sandy loam of the Rptal (Figure 6.1a, Table 6.1).
Reoarse roocONtributed the smallest proportion of 3.0 £ 1.3% on clay and 2.0 = 0.8% on sandy
loam (Figure 6.1a, Table 6.1, contributed apprarmately 4.3 + 0.9% on clay and 4.5 + 0.7%

on sandy loam (Figure 6.1b, Table 6.1).

For the components d&, the clay site showed significantly lower respiration rates
than the sandy loam site (Figure 6.1b). This can be explained by litter respiration on clay,
which is approximately 53% lower than on sandy loam soil (Figure 6.1b, Table 6.1). SOM
was the largestomponent with fractions of 17.7 £ 2.6% on clay and 19.3 + 2.1% on sandy
loam (Figure 6.1b, Table 6.1). The proportiorRafyp was estimated at 11.2 + 1.7% on clay
and 9.4 £ 1.2% on sandy loam (Table 6.1), proportions comparable to a previous study using

a similar approach (2i2.5 Mg C h& yr'!) (Malhi et al, 2009)
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Figure 6.1: a) Autotrophic respiratiorR;) and b) heterotrophic respiratioR.f on clay and
sandy loam. All data are presented in Table 6.1.
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Table 6.1: Synthesis of carbon fluxes estimate

Clay Sandy loam

Mean SE Mean SE
NPP (Mg C ha' yr™)
Leaves 55 0.4 4.4 0.3
Twigs (< 2 cm diameter) 1.4 0.2 0.7 0.1
Reproductive materials 0.3 0.1 0.5 0.1
Undefined fine debris 0.7 0.1 0.5 0.1
Herbivory 0.3 0.1 0.2 0.1
Branch turnover (> 2 cm diameter) 0.5 0.1 1.1 0.1
Aboveground coarse wood 4.1 0.4 2.9 0.3
Aboveground coarse wood (trees < 10 cm DBH) 0.2 0.02 0.2 0.02
cwD* 4.8 0.4 4.2 0.3
Coarse root 0.9 0.4 0.7 0.3
Fine root 2.0 0.6 1.9 0.3
Respiration (Mg C ha' yr?)
Leaf 8.5 2.6 9.0 2.7
Stem (> 10 cm DBH) 7.3 2.9 5.8 2.3
Coarse root 1.6 0.6 1.3 0.5
Fine root 25 0.4 3.0 0.2
CwD 3.6 0.3 3.2 0.2
Litter 1.6 0.3 3.5 0.2
SOM 5.7 0.5 6.5 0.1
Mycorrhizae 1.4 0.2 15 0.2
Measured soil heterotrophic respirafion 7.3 0.6 10.1 0.3
Predicted soil heterotrophic respiration 10.8 0.8 8.6 0.6
Measured soil respiratién 11.2 0.7 14.6 0.4
Predicted soil respiratidn 15.9 1.0 14.1 0.8
Ecosystem Fluxe§Mg C ha' yr?)
Total NPP NPPro) 15.9 0.9 13.0 0.7
Measured total respiratiofR{ya) 32.2 4.0 33.9 3.6
Predicted total ecosystem respirati®g(a) 35.7 4.0 324 3.7
Autotrophic respirationRy) 21.3 4.0 20.6 3.6
Measured heterotrophic respiratid®y)¢ 10.9 0.7 13.3 0.3
Predicted heterotrophic respiratidR,)’ 14.4 0.9 11.8 0.7
GPP 37.2 4.1 33.6 3.7
CUE
Ecosystem 0.43 0.05 0.39 0.05
Leaf 0.39 0.14 0.33 0.12
Stem 0.37 0.24 0.35 0.32
Fine root 0.64 0.17 0.53 0.09

! Estimated as the sum of abeg@und coarse woody (trees > 1 cm DBH) NPP and branch turnover NPP
2 Estimated as the sum of litter and SOM respiration

3 Estimated as the sum of litterfall NPP and belgnaund NPP

* Direct soil respirationmeasurementsee Chapter 4)

® Estimated as the sum of soil heterotrophic respiration, fine root respiration and mycorrhizae respiration
® Sum of measured soil heterotrophic and coarse woody debris respiration

"'Sum of predicted soil heterotrophic and coarse woody debris respiration
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6.4.2. Total NPP (NPProtal)

NPProw Was 15.9 + 0.9 Mg C hayr? on clay and 13.0 + 0.7 Mg C har™ on sandy loam
(Table 6.1). Abovegground NPP was 13.0 + 0.6 Mg Char on clay and 10.4 + 0.6 Mg C

ha® yr' on sandy loam. Across clay and sandy loam soils, litterfall production (leaves, twigs,
reproductive materials, and undefined debris) contributed the largest compoh&tite,

on clay (7.9 + 0.4 Mg C Rayr?) andsandy loam (6.0 + 0.5 Mg C hagr™) (Figure 6.2a,
Table 6.1). Abovaground coarse wood productioNFPacw) for all trees greater than 1 cm
DBH was 4.3 + 0.4 Mg C Rayr™ on clay and 3.1 + 0.3 Mg C Har™ on sandy loam. The
production lost to leaf herbivory was quite similar on both clay and sandy loam, with an
average of 1.8 £ 0.5% &PPrq (Figure 6.2a, Table 6.1). The proportion of branch turnover
NPP was significantly lower on clay (3.1 £ 0.7%) tlmamsandy loam (8.5 + 0.9%). Belew
ground NPP was quite similar at 2.9 + 0.7 Mg C k&* on clay and 2.6 + 0.4 Mg C Har™

on sandy loam. The largest component inNifRPs was fine roots, with an average NPP of
2.0 + 0.3 Mg C ha yr* on both plotgFigure 6.2b, Table 6.1). The abegeund NPP was
significantly higher on clay than on sandy loam, suggesting that soil fertility may influence

NPP.
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Figure 6.2: The a) abovground and b) belowground components of NPP on clay and
sandy loam. The litterfall NPP includes leaves, twigs, reproductive materials, and undefined
fine debris. ACW, abovg r ound coarse wood for all tree

6.5.Discussion
6.5.1. NPP and Respiration

In this study, we have quantified the main components of NPP and respiration. The total NPP
in this lowland dipterocarp forest is substantially higher than the average value of about 10.0
Mg C ha' yr* for several sites in the Amazonian fore&$ark et al, 2001; Giardinat al,
2003; Chamberst al, 2004; Aragaet al, 2009; Metcalfeet al, 2010b) with the exception
of the 14.4 Mg C Hayr* recorded at the Tapajos sit&ragdoet al, 2009; Malhiet al,
2009) In fact, our higher estiate on clay soil seem to show a similar magnitude to the
Tapajos site, which is also characterised as a clay so{Ssiter et al, 2000) Our estimates
are broadly consistent with previous estimatesi (73 Mg C h& yr!) in Southeast Asia

(Kira, 1978; Kira, 1987; Paoli and Curran, 2007; Hedgehl, 2009) as well as being within
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the range expected for a typical lowland dipterocarp foresttld®g C had yr) (Clark et
al., 2001; Malhiet al, 2011)

This higher total NPP is mainly attributed higher allocation of NPP to abcve
ground components. This implies that lowland dipterocarp forests, such as the one in our
study, allocate a larger amount of production to alpeeind productivity. Therefore, it is
evident that the forest in our stugite has greater stature and constitutes a larger biomass
(Ashton and Hall, 1992)This is evident from our treleeight data (section 5.4.2., Chapter 5),
which shows the Lambir trees to be substantially higher than tropical forest elsewhere.
Furthermore, w have shown that the productivity of a forest plot on the clay site is
significantly higher than the forest plot on the sandy loam site. Clearly, this is attributed to
soil nutrient availability(Paoli and Curran, 2007; Clevelantal, 2011) At our stuly site,
clay solil is typically more fertile, with higher soil phosphorus content, than on the sandy loam
soil (Baillie et al, 2006; Tanet al, 2009) A recent study has shown that abgveund
productivity increases with soil nutrients, particularly soil phosphdRaoli and Curran,
2007) Considering all this, we can see that soil nutrient levels are the primary driver of the
spatial pattern of ab@wground productivity.

For belowground production, however, our estimates are generally lower than those
at several sites in the Amazonian for@Stardinaet al, 2003; Aragacet al, 2009; Malhiet
al., 2009; Metcalfeet al, 2010b) This is mainly dtibuted to a lower level of fine root
production, which contributes significantly tdPPss. Our estimates are comparable to
previously reportedNPPine roots Of 2.0 Mg C hd yr! (Kira, 1978) predicted from an
extensive root biomass study in Pag®loda 1978) In addition, a recent study suggested
that fine root biomass in northern Borneo is relatively low when compared to tropical forests

elsewheréGreenet al, 2005)
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Table 6.2: Summary of autotrophidX;), heterotrophicR,), and total Rrota) respiration in
tropical forests. All fluxdata are in Mg C hayr™

Soil type Ra Ry Rrotal Source
Lambir, Malaysia Clay 21.3+4.0 109+ 07 32.2+ 4.0 This study
Lambir, Malaysia Sandy loam 20.6+ 3.6 133+03 33.9+ 36 This study
PasohMalaysia Sandy 37.6 - - Yoda(1983)
Pasoh, Malaysia  Sandy 31.9 124 430  Kira (1987)
Pasoh, Malaysia Sandy - 14.3 - Nakane(1980)
Khao Chong, Sandy 57.8 - - Yoda 1967
Thailand
Xishuangbanna, Sandy 17.2 5.2 22.4 Tanetal. (2010)
China
Manaus Brazil Clay 19.8+4.6 9.6+1.2 29.3 £ 4.7 Malhi etal. (2009)
Manaus, Brazil Clay 21.0 8.5 29.5 Chamberstal. (2004)
Tapajés Brazil Clay 149+4.2 149+1.4 29.8+4.4 Malhietal. (2009)
CaxiuandBrazil Clay 214141 9.4+0.8 30.1 £ 4.2 Malhi etal. (2009)
CaxiuandBrazil Clay 224+28 10.2+1.0 32.6+2.9 Metcalfeetal.(2010)

" Estimated based on data frétita (1987)

Scaling our flux estimates to the ecosysienel, our estimates oR, and R, are
generally in good agreement with recent studies using a similar approach (see Table 6.2). In
the Southeast Asia region, oRg estimate is substantially lower than the previous studies
conducted in Pasoh. The differences may be attributed to methaddlassues. There
appears to be a substantial respiration rate being measured from the leaf and fine roots. The
PasohReas Was not corrected for light inhibition of dark respiration. A recent study suggested
a 67% reduction in total leaf respiration when the photoinhibition factor is applied to leaf
dark respiratior(Lloyd et al, 2009; Malhiet al, 2009) Our reviseRear, based on the data
from Yoda(1983) is a more conservative estimate and in good agreement with values
reported from several sites in Amazonian forgdtalhi et al, 2009) In addition, leaf
respiration in Pasoh was measured instantaneously, which neyiglhy increase the rate of

respiration in the leaf during the first few minutes after darke(zgén-Bieto and Osmond,
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1983; Atkinet al, 1998) Severing parts of plants (i.e. branches, stems, and leaves) and the
time taken to measure respiration &k these part may affect the rate of respira(ignda,

1983)

6.5.2. Ecosystem Fluxes

This is the first attempt to quantify all components of NPP and respiration and to determine a
comprehensive carbon budget for a lowland dipterocarp forest, particul&dynibir (Figure

6.3). Assuming that the lowland dipterocarp forest in Lambir is in a st&atly condition,

GPP was slightly greater on clay (37.2 + 4.1 Mg C #&") than on sandy loam (33.6 + 3.7

Mg C ha' yr) during the period of our measuremerig(fe 6.3, Table 6.1). Considering the
similar bottomup approach, our GPP estimates are quite similar to several sites in the
Amazonian forests, with values in the range 28434 (Malhi et al, 2009; Metcalfeet al,

2010b) Furthermore, the estimategaromparable to previously modelled GPP based on the
eddy covariance method from the flux tower. The estimated GPP from these flux towers have
been reported in the range of 32.3 to 33.7 Mg €& for the period 1968002 in Lambir,

and 30.034.0 Mg Cha* yr* for the period between 2003 and 2q8@magaiet al, 2004;
Saitohet al, 2005b; Kosuget al, 2012) Our GPP estimates on clay and sandy loam sites,
however, show slightly higher GPP than the average modelled GPP (32.2 Mgy€'hin

Lambir. Given that plant carbon expenditure (PCE) is approximately equal to GPP in a
steadystate condition, the balance between carbon input and output is the net tree production
(Metcalfeet al, 2010b) Subtracting the average modelled GPP from the estinRaiédg the
carbon expenditure is higher on clay (5.0 + 4.7 Mg € y1d) than on the sandy loam site

(1.4 + 4.3 Mg C ha yrh). If our estimates are plausible, this implies that production is

slightly higher than assimilation on clay.
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We calculated CUE to determine the fraction of GPP allocated to NPP. The
ecosystem CUE was 0.43 = 0.05 on clay and 0.39 £ 0.05 on sandy loam (Table 6.1; Figure
6.4). Hence, almost 40% is allocated abgveund for production of new tissue, with the
remaincer being respired. This agrees with a recent study suggesting low CUEgrouith
tropical forestgViccaet al, 2012) Nevertheless, our estimates are relatively higher than the
CUE previously estimated in Pas@kira, 1987)and several sites in the Amonian forests
(Chamberst al, 2004; Malhiet al, 2009) Explicitly, CUE for stem was 0.37 + 0.24/0.35 +
0.32 and leaf was 0.39 + 0.14/0.33 £ 0.12 on clay and sandy loam (clay/sandy loam) (Table
6.1; Figure 6.4). For the beleground components, CUErfooot (coarse and fine root) was
0.64 £ 0.17 on clay and 0.53 + 0.09 on sandy loam. The forest plot on clay consistently shows

greater CUE at ecosystdevel than the sandy loam site (Figure 6.4).
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Key: GPP, gross primary productivitfRroa, total ecosystem respiratioRR,, autotrophic respirationR,, heterotrophic respiratio{PPrq,, total net primary
productivity; NPPag, aboveground NPP;NPPsg, belowground NPP; NPBigeran, litterfall NPP; NPPeaves leaf NPP;NPPpyoq reproductive materials NPP;
NPPuigs, tWig NPP;NPPyepis fine undefined debris NPRPPierivory l0St to leaf herbivory NPRYPR,anch wrnover Branch turnover NPRNPPacw, aboveground
coarse wood NPP)cwp, coarse wood debris detritUSPPzoarse roots COarse roots NPRPPine roots fine roots NPPD oo, root detritus Diiertan, litterfall detritus;
Rsoilnes SOIl heterotrophic respiratioRinizosphere 00t respirationRoarse root COArse robrespirationRewp, coarse woody debris respiratidfiem stem respiratiorRsi,
total soil respirationRe,s, leaf respiration.

Figure 6.3: The complete carbon cycle for lowland dipterocarp forests on a) clay and b) sandy loam soils in Lamaia & estimated and
measured in this study (Table 6.1). All units are in Mg €yid.

239



