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Abstract. Conversion of tropical peatlands to agriculture proved plantation water management will reduce these im-
leads to a release of carbon from previously stable, longpacts by 20 % at most, relative to current conditions, and that
term storage, resulting in land subsidence that can be a suhigh rates of carbon loss and land subsidence are inevitable
rogate measure of COemissions to the atmosphere. We consequences of conversion of forested tropical peatlands to
present an analysis of recent large-scale subsidence monither land uses.

toring studies iMAcaciaand oil palm plantations on peatland
in SE Asia, and compare the findings with previous stud-
ies. Subsidence in the first Syr after drainage was found to;  |ntroduction

be 142 cm, of which 75cm occurred in the first year. Af-

ter 5yr, the subsidence rate in both plantation types, at averMore than half (24.8 Mha) of the global area of tropical peat-
age water table depths of 0.7 m, remained constant at arounnd is in SE Asia (56 %), mostly in Indonesia and Malaysia.
5cmyr-1. The results confirm that primary consolidation Owing to the considerable thickness (meabm) of the
contributed substantially to total subsidence only in the firStpeat in these two countries they contain 77 % of the entire
year after drainage, that secondary consolidation was negropical peat carbon store (Page et al., 2011). In Peninsu-
ligible, and that the amount of compaction was also muchlar Malaysia and the islands of Sumatra and Borneo, some
reduced within 5yr. Over 5yr after drainage, 75% of cu- 60% of peat swamps were partly or completely deforested
mulative subsidence was caused by peat oxidation, and aby 2007, usually accompanied by some form of drainage,
ter 18yr this was 92%. The average rate of carbon lossand only 10 % remained in pristine condition (Miettinen and
over the first 5yr was 178C0Ozeghatyr—1, which reduced  Liew, 2010). Some 5Mha were under agricultural use in
to 731 COxeghatyr—! over subsequent years, potentially 2007, of which 45 % (2.3 Mha) was large-scale oil palm and
resulting in an average loss of 1000sqha 'yr—* over  pulpwood Acacig plantations. A recent inventory by Miet-
25yr. Part of the observed range in subsidence and carbofinen et al. (2012) shows that the area of large-scale indus-
loss values is explained by differences in water table depthtrial plantations had increased to 3.15 Mha by 2010 (12 % in-
but vegetation cover and other factors such as addition of fercrease peryr since 2007; excluding smallholder plantations
tilizers also influence peat oxidation. A relationship with and other forms of land conversion), and that this high ex-
groundwater table depth shows that subsidence and carbgsansion rate is likely to continue unless the implementation
loss are still considerable even at the highest water levelf land use planning policies is changed.

theoretically possible in plantations. This implies that im-
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1054 A. Hooijer et al.: Subsidence and carbon loss in drained tropical peatlands

It has long been known that drainage of peatlandsemissions (Hooijer et al., 2006, 2010; Malhi, 2010). Mea-
causes irreversible lowering of the surface (subsidence) as surements of land subsidence, in combination with data on
consequence of peat shrinkage and biological oxidation, wittpeat characteristics, provide a direct approach to carbon loss
the latter resulting in a loss of carbon stock. In peatland ar-assessment that is relatively straightforward to conduct in the
eas as different as the Fenlands of the UK, the Netherlanddield and to interpret. Allimpacts on the peat carbon stock are
Venice Lagoon in Italy, the Everglades and Sacramento Deltantegrated over time without requiring instantaneous mea-
in the United States and Lake Hula in Israel, a total subsi-surements, thereby providing a more accurate value for to-
dence of 200 to 600 cm occurred over 40 to 130 yr, bringingtal carbon loss even if the individual loss components{CO
surface levels close to or below sea level (Schothorst, 1977CH,, DOC and POC) can not be separated using this method
Hutchinson, 1980; Stephens et al., 1984; Hambright and Zoalone. The use of this approach on SE Asian peatlands has
hary, 1998; Gambolati et al., 2003; Deverel and Leighton,been hampered by a scarcity of reliable long-term subsidence
2010). In all of these cases, peat oxidation is reported to belata and adequate information on bulk density and carbon
the main cause of subsidence. In recent years, rapidly ineontent of the peat (cf. review by Couwenberg et al., 2010).
creasing peat carbon losses from drained SE Asian peatlands When determining carbon loss from subsidence data, it is
have been found to contribute substantially to global greennecessary to know the extent to which subsidence is the re-
house gas emissions (Hooijer et al., 2006, 2010; Couwenbergult of peat oxidation compared to physical volume reduc-
etal., 2010; Murdiyarso et al., 2010). Estimates of net carbortion. The following subsidence components need to be sepa-

losses and resultant G@missions from peatland drained for rated:

agriculture range fromx 40t CO, ha tyr—1 (Melling et al.,
2005; Murdiyarso et al., 2010; Herchoualc’h and Verchot,
2011), to> 60¢ ha 1 yr—1 at water table depths around 0.7 m
(applying relations between water table depth and emission
as proposed by DID Sarawak, 2001; Hooijer et al., 2006,
2010; Couwenberg et al., 2010), excluding forest biomass
and fire losses.

The uncertainty in the rate of carbon emission from
drained tropical peatland is caused partly by the reliance on
measurements of gaseous £€issions that are difficult to
conduct and interpret. Unless G@mission studies are car-
ried out on a large scale (i.e. a large number of measure-
ments conducted over a long time period at a large num-
ber of monitoring locations) and over a range of environ-
mental conditions (in terms of water table, vegetation cover
and temperature), data uncertainty is considerable (Couwen-
berg et al., 2010; Murdiyarso et al., 2010; Jauhiainen et al.,
2012). For example, widely quoted estimates of,@mis-
sion from oil palm plantations on peat have been based on
fewer than 50 observations, including replicates, at single lo-
cations (Murayama and Bakar, 1996; Melling et al., 2005).
Moreover, few studies have estimated nety€missions re-
sulting from peat oxidation alone, excluding root respiration.
Also, gas flux measurements do not account for carbon losses
in discharge water (DOC and POC), that leave the peatland
in drainage water (Alkhatib et al., 2007; Baum et al., 2007,
Moore et al., 2010). Recent efforts to calculate the net change
in peat carbon stock from the difference between all esti-
mated fluxes into and out of the peat, including changes in
biomass (Herchoualc’h and Verchot, 2011), have been incon-
clusive because of the limited data available and the cumula-
tive uncertainties associated with each component.

There is a need, therefore, for a simple and reliable ap—F

— Oxidation: decomposition of peat in the aerated zone
above the water table owing to breakdown of organic
matter, resulting in carbon loss through release of
gaseous C@to the atmosphere (Neller et al., 1944;
Jauhiainen et al., 2005, 2008; Hirano et al., 2009), and
removal as DOC and POC in drainage water (Alkhatib
etal., 2007; Baum et al., 2007; Moore et al., 2010). This
process, acting alone, does not increase bulk density of
the peat and could in fact decrease it.

Compaction and shrinkage: volume reduction of peat in
the aerated zone above the water table. Compaction re-
sults from the pressure applied on the peat surface by
heavy equipment; shrinkage occurs through contraction
of organic fibres when drying. These two processes can
often not be separated in practice and they are consid-
ered together as “compaction” in this paper. Both pro-
cesses lead to an increase in peat bulk density.

Consolidation: the compression of saturated peat below
the water table owing to loss of buoyancy of the top
peat, increasing strain on the peat below. Primary con-
solidation is caused by loss of water from pores in the
peat; it occurs rapidly when groundwater is removed
fast, especially where a dense drainage system is im-
plemented in peat of high permeability. Secondary con-
solidation is a function of the resistance of the solid peat
material itself to compression; this is a slow process that
makes up only a small fraction of total consolidation
(Berry, 1983; Mesri and Aljouni, 2007). Both processes
increase peat bulk density.

ire and erosion of peat particles by water flow both remove

proach to determining net carbon losses from drained tropicaP€at from near the surface. Their impact on the bulk density

peatlands, especially in view of the urgent requirement for
land use planning policies that reduce £€émnissions from
SE Asian peatlands, which form a substantial part of global
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of the remaining peat is unknown.
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In this study, we investigated in detail the parameters in- Monitoring locations were established along 16 tran-
volved in subsidence and carbon loss from tropical peatlandssects between 0.5 and 12 km long, located perpendicular to
aiming to reduce uncertainties by better quantifying the ox-drainage canals and covering a wide range of peat thickness
idation component. Our main objectives were to determineand water table depths (Table 1, Fig. 1). Distances between
(1) the rate of peat subsidence and changes over time, (2) th@onitoring locations varied from 50 to 400 m depending on
contribution of oxidation to subsidence, (3) carbon loss fromsite conditions. Transects Acaciaplantation were extended
peat oxidation, and (4) the relationship between carbon los2 km into adjacent peat swamp forest where this still re-
and environmental factors especially water table depth andnained. Data used in this analysis were obtained from a total
land cover. We were able to carry out a much larger numbeiof 218 monitoring locations (125 iAcaciaplantation, 42 in
of subsidence measurements (at over 200 locations) than easil palm plantation and 51 in peat swamp forest adjacent to
lier reported studies (at less than 30 locations), across a widekcaciaplantation).
range of conditions, and compared the results with findings
on subsidence and carbon loss from previous studies of trop2.2  Peat surface subsidence measurements
ical and sub-tropical peatlands, and with £&nissions that
were measured in parallel on the same sites (Jauhiainen @it all study locations, the peat surface level was measured
al., 2012). using 5cm diameter, perforated PVC tubes as subsidence

poles, inserted vertically through the peat and anchored
firmly to at least 0.5m in the underlying mineral substrate.

2 Methods To minimize measurement error, permanent markers made
of light thin metal or wood were placed on the peat surface.

2.1 Measurement locations, climate and land Compression of the surface peat was avoided by ensuring
conversion history field staff did not step within a 0.5 m radius around pole lo-

cations, and only on planks during installation. As a further
The monitoring sites were located on large peat domes in Inprecaution the initial period after installation, from 3 months
donesia, irAcaciatree (for paper production) plantations and to more than a year (as much as the data series length allowed
adjacent natural forest in the province of Riau and in matureyhile still maintaining a full 2 yr record), was excluded from
oil palm plantations (for palm oil production) in the province analyses. Peat subsidence was monitored at intervals of 1 to
of Jambi. All sites experienced similar climatic conditions, 3 months in theAcaciaplantation. A full 2yr data series for
with an average long-term annual rainfall of around 2500 mMyse in analyses was selected for each transect from the 3yr
and a mean annual air temperature just belok@GMDuring  data collection period of September 2007 to August 2010 on
the study period (2007-2010), dry season rainfall was somethe basis of data availability (some transects were periodi-
what above the long-term average in the years 2007, 20083]ly inaccessible due to external factors), with all records
and 2010, W|th rainfa” defiCitS (broadly deﬁned as rainfa” Over|apping by at |ea5t 1yr |nc|uded in the 125 Study |Oca_
below 100 mm month®; Vernimmen et al., 2012) only oc- tions in Acaciaplantation were the 14 subsidence poles that
curring in one or two months at any location. The rainfall had been installed one year after drainage, providing data for
regime in 2009 was about average. a longer period (2002—2010).

All pla_ntation sites are drained by a network of canals, 5 For the oil palm plantation, a one-year data series (July
to 8m wide, over 3m deep and spaced 500 to 800 m apart, 19909 to June 2010), monitored at 2-weekly intervals, was
lower the groundwater table to a level suitable for growth of ayailable for analysis. Cumulative subsidence at all locations
the plantation crops. Fire was used for land clearance prior t¢, poth Acaciaand oil palm plantations was recalculated to
planting oil palms but not in thAcaciaplantations. Except annyal mean values that allowed comparison.
for 14 locations where monitoring started 1 yr after drainage, As no monitoring data from subsidence poles were avail-
in 2002, monitoring irAcaciaplantations started 3 to 8 yr af- able for the first year after drainage, we used company

ter drainage; the average period after drainage over the Stuc%cords of repeated elevation surveys along transects across

period was 6yr. Acacia crop rotations at study locations Acacia plantations, before and approximately 1yr after
over the measurement period varied mostly from immaturedrainage for this period

to mature, with open conditions occurring in a minority of

locations where harvesting took place. In such cases, carg 3 \vater table depth measurements

was taken not to disturb the immediate surrounding of subsi-

dence poles. Locations where disturbance was evident frorThe depth of the water table below the peat surface was mon-
the record were excluded from analyses. Study locations intored in the perforated PVC subsidence tubes at 2-weekly
oil palm plantation were drained for 14 to 19 yr when subsi- to 3-monthly intervals at the same 218 locations as subsi-
dence monitoring started, with an average of 18 yr over thedence. Average water table depths were calculated from
study period, and nearly all locations had mature oil palmrecords over the same period as the subsidence records used
cover. in analyses.

www.biogeosciences.net/9/1053/2012/ Biogeosciences, 9, 1I5RL-2012
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Table 1. Summary of measurement site characteristics. Averages are provided with standard deviations.

Acaciaplantation  Oil palm plantation Plantation mean Drained férest
6yr after drainage  18yr after drainage = 6-18 yr after drainage
Site location (Lat/Long) 102.334/0.595 103.601/566 - 102.334/0.595
Number of measurement locations 125 42 167 51
Peat depth m 926 7.7+1.4 8.4 9.9£3.2
Peat bulk density of top 1 m gcm 0.089+0.018 0.0820.018 0.088 -
Peat bulk density 1 m depttt g cm3 0.073+0.015 0.078t 0.007 0.075 -
Water table depth m 0F#0.2 0.73+0.23 0.71 0.3%0.16

1 Measured at 1 to 2.3m depth; affected by initial consolidation.
2 Natural forest strip up to 2 km from plantation boundary; affected by drainage.

o 14 5 e >
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3 10 i
(%“3 I e e B L
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®© , 1 Py —— Average water level | |
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5 2 ~ ~
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Fig. 1. Cross section along typical study transect in Sumatra, 6 yr after drainage, showing variation in peat depth, average water level, land
use and monitoring location density.

2.4 Peat characteristics tervals of 0.15 to 0.3 m starting at 0.075 m below the surface.
In the oil palm plantation, pits were 2 to 2.5 m deep and sam-

Peat thickness and type (fibric, hemic or sapric) were deterples were collected at intervals of 0.1 m, commencing 0.1 m

mined at the time of pole installation using locally produced below the surface (Fig. 2). A total of 1201 peat samples were
augers and visual interpretation. oven dried at 103C for up to 96 h (as long as necessary to

ensure that dry weight of samples had fully stabilized) to re-
move moisture, and weighed to calculate BD.

Large wood remains could not be collected in the cylin-
ers, so additional checks were carried out to determine if un-
ersampling of such remains would affect the BD values. A
otal of 20 samples of partly decomposed wood taken in 3 soil
pits from peat below 1 m depth in oil palm plantations, with
an average volumey{SD) of 326+ 104 cn?, were dried and
weighed following the same protocol as cylinder samples. In
addition, the wood content of the peat in oil palm plantation
sites was assessed visually on 10 cleaned pit sides, through
etailed descriptions of peat surfaces of 0.1 by 0.3mat 0.1 m
epth intervals, prior to sampling.

Ash content in 223 subsamples frofitacia plantation
ns_ite:s was determined by loss on ignition in a muffle furnace.

Bulk density (BD) was determined at 22 locations in the
Acaciaplantation, 19 that were drained 4 to 7 yr before and 3
about two years after drainage, and at 10 locations in the oil
palm plantation. Peat samples were collected from the side
of pits excavated in peat, using sharpened steel cylinders t
avoid peat compression that may result from using a vertical
corer. This was done quickly after pit construction, to avoid
deformation or drying of the peat. To further avoid com-
pression and to ensure inclusion of smaller wood remains
relatively large cylinders of 8cm diameter and 8 cm length
(402 cn¥) were used. All pits were at least 1 m away from
trees or palms, where the presence of tree roots was found t
be minimal. Water was pumped from deeper pits to facilitate
sampling. In theédcaciaplantation, pits of 1 m diameter were
up to 1.2 m deep and three replicate samples were taken at i

Biogeosciences, 9, 1053871, 2012 www.biogeosciences.net/9/1053/2012/
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— Vi=peat volume before subsidence, above deepest
groundwater level (cA),

— BD1 =original bulk density above deepest groundwater
level (gcnt3),

- — BD2=new bulk density above deepest groundwater
| Sample markers e level, after subsidence (g cr?),

' at10 cm intervals ===— NS _ — Poy = percentage of subsidence caused by oxidation.

This method may be demonstrated by taking two extreme
conditions as examples: if the height and volume of a peat
column above the water table is reduced by 50 %, and the BD
of the peat has doubled over the same period, all subsidence
can be explained by compaction alone. If on the other hand
no change in BD is observed, it may be concluded that there
has been no compaction and all subsidence is fully explained
by oxidation (assuming consolidation can be excluded). In
= AT NN W - practice, compaction and oxidation usually both explain a
Dry season waterf ! .= . 1700 part of total subsidence.
“table(~1 m) : N S The method ideally requires data on peat BD at the start
) . Al ; and end of a subsidence record of many years, at the same
site, or data from a nearby undrained reference site. How-
ever pre-drainage BD data were not available for the study
Fig. 2. Peat profile in an oil palm plantation, 18yr after drainage. sites, and truly intact forest areas on deep peat were not ac-
The top peat is amorphous without visible plant remains, indicatingcessible close to the study areas. Therefore, two alternative
gdyancgd decomposition,.while the peat belqw 0.3mis increasinglyépproaches were followed. First, it was assessed whether
fibric going downwards, with abundant remains of wood and roots. ina current BD of the peat below the lowest average water
table depth, which is about 1 m for our sampling locations,
could be considered representative for the BD of the upper
peat layer at the start of drainage, i.e. for the original peat
before subsidence started. Secondly, BD profiles above the

The contribution of compaction (including shrinkage) and Water table in the\caciaand oil palm plantations, at 2, 4-7
oxidation to subsidence was calculated by determining thetnd 18yr after drainage respectively, were compared. This
net increase in BD of the peat above the water table cause@PProach assumed that the pre-drainage peat profiles at the
riod (e.g. Stephens and Speir, 1969; Schothorst, 1972; Ewin!jJW such comparison, considering the very similar bulk den-
and Vepraskas, 2006; Leifeld et al., 2011). We used a variaSities below the water table at the locations (Fig. 3) and their
tion modified from Driessen and Soepraptohardjo (1974), agomparable settings on deep peat domes in the same climate

2.5 Determining the compaction component of
subsidence

follows: region.
Vox = ((V1 x BD1) — (Vrestx BD2)) /BD1 2.6 Determining the consolidation component of
and: subsidence

The rate and timing of primary consolidation in the first
year was estimated by evaluating the shape of the subsidence
and: curve in the first years after drainage. The contribution of
secondary consolidation to subsidence was determined from
the relation between subsidence rate and peat depth, 6 yr on

Veomp= VrestX (BD2—BD3)/BD1

Pox = Vox X BDl/((Vox x BD1) + (Veompx BDl))

where: average after drainage. If consolidation has occurred, the
o physics of soil compression determine that the rate of sur-
— Vox = peat volume loss due to oxidation (m face lowering it causes is proportional to the thickness of the

saturated peat layer (i.e. below the water table) that is being

compressed (Berry, 1983; Mesri and Aljouni, 2007). There

— Viest=peat volume after subsidence, above deepesis also a relationship with the depth of the surface peat un-
groundwater level (cA), saturated zone, which determines the loss of buoyancy (i.e.

— Veomp=volume loss due to compaction (ém

www.biogeosciences.net/9/1053/2012/ Biogeosciences, 9, 1I5AL-2012
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the increase in strain on the saturated peat below), but in ouan annual subsidence rate of 5 cm¥yfor the period of 6 to
assessment of secondary consolidation this effect was mint8 yr after drainage, resulting in a total subsidence of 212 cm
imized by only selecting locations with average water tableover 18 yr. This number was supported by field evidence in-
depths within a range of 0.5to 1 m. cluding the observation that the peat surface had dropped by
between 1.2 and 1.5 m relative to the overflow of a weir that
2.7 Determining the oxidation component of subsidence was constructed one to two years after drainage and that was
and carbon loss anchored in the underlying mineral subsoil (resulting in the

I N . . overflow being “dry” 16 yr after construction, and the weir
The contribution of oxidation to subsidence was obtained a%o longer operational).

the remainder after subtracting the consolidation and com-
paction components from total subsidence. Carbon loss i

calculated from the thickness of peat that is lost as a resul
of oxidation by applying a BD for peat below the water ta- ) ) )
ble, measured as described above, and a carbon concentratidR€ average water table depth in #heaciaplantation was

for the original peat of 55% by dry weight, as reported by 0.7 m (Table _1), with a range of values betvyeen the 10th .and
Suhardjo and Widjaja-Adhi (1977) for a peatland site near20th percentiles of 0.47 tq 0.98m. In the 0|I. palm plantation

the Acaciaplantation. This value is nearly identical to the the water table depth regime was similar with an average of

value of 56 % found to be representative for hemic and fibricO-73m and a 10-percentile range of 0.33 to 1.03m. In the
tropical peat in SE Asia by Page et al. (2011). drainage-impacted forest the average water table depth was

0.33 m decreasing to zero (i.e. at the peat surface as defined
by the bottom of hollows in the surface hummock-hollow to-

3 Results pography) at a distance of 2 km away from plantation perime-
ter canals, inside the forest.

.2 Water table depths

3.1 Subsidence rates

Subsidence in the first year after drainage, along two tranS-3 Peatbulk densities and other characteristics

sects in thédcaciaplantation, was found to be 60 and 90 cm
(75cm on average), from repeated elevation surveys oveBulk density profiles determined for bothcacia and oil
that period. Over the subsequent 4yr a further subsidencealm plantations (Fig. 3) provided average values around
of 67+ 11 cm (average: SD) was observed at 14 locations, 0-15gcnT® near the peat surface, declining to a con-
with an average in the second and third year oft1®cm stant value of around 00759(7&131' depths below 0.5m.
(Fig. 4). On the basis of these two datasets, total subsi& small set of data collected at Acacia plantation site
dence over the first 5yr after drainage was determined t@2Yr after drainage showed that the near surface BD was
be 142cm on average. At around 6yr after drainage, av0-0850.01gcnT® (n =36). The average BDHSD) of
erage subsidence as measured at 125 locations stabilized %€ top metre of peat was 0.089.018gcn> (n = 228)
around 5t 2.2 cmyr ! (Figs. 4 and 5). In the oil palm plan- and 0.087-0.018gcm® (n = 330) in the Acacia planta-
tation the average subsidence was-5#1cmyr?; 18yr tion sites (4—7 yr after drainage) and oil palm plantation sites
after drainage. On this basis, we conservatively applied af18yr after drainage), respectively (Table 1). At depths of
annual subsidence rate of 5cnTyrin further calculations ~1-1.2m in theAcaciaplantation and 1-2.5m in the oil palm
of subsidence more than 5yr after drainage. In the natuPlantation these values were 0.0£8.015gcn? (n =171)
ral forest average subsidence was28.6cmyr! at the  and 0.078:0.007 gcm® (n = 436), respectively (Fig. 3).
forest-plantation edge, reducing to 0-1 cmyat a distance In the oil palm plantation, the average dry BB §ED)
of 2km inside the forest from the plantation boundary. of larger wood remains in peat at depths below 1 m was
For Acacia plantations, a subsidence record over 8yr0.083+0.036gcnT3 (n = 20), only 0.005gcm® above
(2002-2010) was assembled from 3 sources: field elevatiothat of the non-woody peat matrix and far below the BD of
surveys before and after the first year after drainage, datéresh wood which is generally above 0.4 gti(confirm-
from 14 subsidence poles for years 2-5, and data from 12%ng that the wood remains in this peat are in fact largely de-
poles for 6 yr on average after drainage. For oil palm planta-composed even if they may look quite fresh). The content
tions, no accurate subsidence measurements were availabdé larger wood remains in peat below 1 m depth was visu-
prior to our monitoring which commenced more than 14 yr ally estimated to be 15 % on average, compared to 5% over
after initial drainage. We therefore applied theaciaplan-  the top metre of peat (10 % at 0.6—1 m depth and 0% at 0—
tation record of 142 cm subsidence over the first 5yr to the0.5 m). Given the relatively small difference between BD of
oil palm plantation sites, on the basis that the two types ofthe wood remains and the peat matrix, and the relatively lim-
sites were shown to be very similar in terms of peat type,ited occurrence of large wood remains by volume, there was
peat depth, water table depth and subsidence rate (compano need to correct BDs as measured in cylinder samples for
ing rates after 6 and 18yr on average). To this was addedhe undersampling of larger wood remains.

Biogeosciences, 9, 1053871, 2012 www.biogeosciences.net/9/1053/2012/
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Fig. 3. Vertical profiles of bulk density in SE Asian peatlands. Left: individual profiles (with 3 to 5 replicates at each depth) in Sumatra oil
palm plantations (this study), 18 yr after drainage. Middle: average profiles for SuAwcsgaand oil palm plantations at 2, 5 and 18yr

after drainage respectively; each location represents the average of 3 to 19 profiles that all have 3 to 5 replicate samples at each depth (thi
study). Right: average profiles in undrained secondary natural peatland forest in Kalimantan (Indonesia) as reported by Kool et al. (2006;
average of 9 profiles with peat depths over 4 m) and in primary and secondary forest as provided by Gusti Anshari (averages of 4 and 6
profiles per site). The latter data are also reported, in summary, by Anshari et al. (2010).

The average ash content of 223 subsamples was 1.2 % bjhis amounts to 7% of the average peat thickness of 8.4 m
weight, with a standard deviation of 1.13 %. No relationship at our study sites, implying that the BD of 0.075 gchthat
between ash content and sampling depth was apparent.  is now found below the lowest water table at the study sites,

results from the consolidation of a peat column with a “pre-
3.4 Peatthickness and type drainage” BD of around 0.07 g crA.
No statistically significant relation between subsidence
Values for peat thickness in tieaciaplantation varied from  ate and peat thicknes®{ = 0.002, with subsidence being
3.810 16.9m, with an average-SD) of 9+ 2.6 m (Table 1).  around 5cmyr? for all peat thickness values) was evident

The range in oil palm plantation was 5.6 to 10.7m, with an g yr after drainage, confirming that secondary consolidation
average of 7.2 1.4m. The overall average peat thickness js negligible in these peatlands.

for both plantation types was 8.4m. The top 0.3mto 0.5m

of peat in oil palm plantation sites was generally hemic (with 3.6  The oxidation component of subsidence, and

limited plant remains visible; Fig. 2), with some fibric peat resulting carbon loss

(abundant plant remains visible) and sapric peat (no plant re-

mains visible). InAcaciaplantation sites, that were drained Accounting for consolidation, a total of 0.86 m of the total
more recently, the top layer of peat was mostly described asubsidence of 1.42m at thfeaciaplantation sites, over the
more fibric, but going towards hemic. Peat at greater deptHirst five years, was caused by a combination of compaction
was nearly always fibric, and often woody, except the lowestand oxidation. Following the method described in Sect. 2.5,
few metres where peat was often hemic or sapric and somethe BD profile indicates an oxidative peat loss that is equiva-
times described as “muddy”, indicating higher mineral con-lent to an average CQemission of 178 hatyr~1 (Table 2,

tent. Fig. 6), which explains 75 % of cumulative subsidence at the
Acaciaplantation monitoring sites over this period. Apply-
3.5 The effect of consolidation on peat bulk density ing the same method to the oil palm plantation data, assum-

ing the same subsidence of 1.42m over the first 5yr and a
On the assumption that all or nearly all primary peat con-subsidence of 5cmyt in the subsequent 13yr, an equiva-
solidation occurs in the first year after drainage (Andriessejent average peat oxidative G@mission of 119 ha 1yr—1
1988), we estimated the consolidation amount by subtractings obtained, which explains 92 % of subsidence over 18 yr.
a subsidence value of 0.19m (25 %), obtained for the sec-
ond and third year, from a total subsidence of 0.75m in the
first year, providing a consolidation component of 0.56 m.
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Fig. 4. Top: average subsidence rates as measured at 14 locatideediaplantations, over the first 9 yr after drainage. Bottom: as measured

at a larger number of drained peatland locations in Sumatra (this study), Malaysia (fdsteiVét al., 1997, based on DID Malaysia, 1996),
Mildred Island in the California Sacramento Delta (Deverel and Leighton, 2010) and Florida Everglades. The Everglades record is averaged
from three records presented by Stephens and Speir (1969); as the first two years after completing the drainage system in 1912 were missin
from the subsidence record, which started in 1914, we added a subsidence of ZZécfmylnose years, which is the average subsidence

rate over 1914 and 1915 and therefore almost certainly an underestimate of actual initial subsidence. Also shown are long-term calculated
subsidence rates for SE Asia, applying both the relation determined for Florida Everglades (Stephens et al., 1984), assuming a water deptt
of 0.7 m and an average temperature of@0and the relation found for SE Asia in this paper.

Applying 92 % oxidation to the average subsidence rate3.7 Relationships between subsidence rate and water
measured in thé\cacia plantation, 6yr on average after table depth
drainage, the resulting carbon loss iSt&ZEDZeqhaflyrfl
(CO, equivalents, i.e. assuming in this calculation that nolLinear correlation regressions between subsidence rate and
carbon is lost as Ci{ DOC or TOC). For the oil palm site, average water table depth were determined separately for
18 yr after drainage, this value is 7€ zeqha tyr—1. For  Acaciaplantation and drained natural forest. The relation-
these plantations in general, 6 yr or more after drainage, aship between water table depth and subsidencédacia
average minimum loss of thal yr*l may be accepted at plantation, 6 or more years after drainage, is as follows (see
an average water table depth of 0.71 m (Table 2). Fig. 5):

When calculating total cumulative carbon loss from plan-
tations, both the very high loss in the first 5yr and theSZl‘S_4'98XWD
lower loss in the subsequent period must be accounted ere:
for. Over a 25yr period, the average annual carbon loss
thus becomes 90COzeqhat yr—1 for Acaciaplantation and
109r ha~tyr~1 for oil palm plantation, with an average of
100r halyr=1 for all plantations. Over a 50yr period,  — Intercept=1.50, SE=0.63=0.02,
these values become 7Ba Lyr 1_alnd_£i4t halyr=1 re- Slope =4.98, SE = 0.86p < 0,001,
spectively, with an average of 8®a -~ yr—.

RegressionN =125, F =33.38,p < 0.001,R2=0.21,

§ =annual subsidence of the peat surface (cniyr

— WD =average water table depth below the peat surface
(—m; negative).
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Fig. 5. Subsidence rates and water table depths as measurfsthaiaplantations, oil palm plantations and adjacent forest in Sumatra,
Indonesia. Top: data for individual monitoring locations. Measurements in Malaysian oil palm plantations are shown for comparison (from
DID Malaysia, 1996). The linear relations shown areAggaciaplantations (excluding oil palm oil plantations) and forest. Bottom: averages

for the Sumatra plantation data, grouped by (sub-) transects of 5 to 9 adjacent monitoring locations. Linear relations for Florida Everglades
are also shown (adapted from Stephens et al., 1984).

Table 2. Subsidence rates and carbon loss over different time periods, as determined from subsidence and bulk density data.

Acaciaplantation sites  Oil palm plantation sites  Plantation average

Total subsidence in first 5yr (m) 1.42 - -
after drainage

Average subsidence and SB5 yr cm yr_1 5+22 54+1.1 5.2
after drainage

Carbon loss 0-5 yr 1 COpeghatyr=1 178 - -
after drainage (measured)

Carbon loss 0-18yr t COpeqhatyr=1 - 119 -
after drainage (measured)

Carbon loss 5-8yr t COpeqhatyr=1 68 - -
after drainage (measured)

Carbon loss 18 yr 1 COpeghatyr=1 - 78 -
after drainage (measured)

Carbon loss 0-25 yr t COpeqhatyr=1 90 109 100
after drainage (calculated)

Carbon loss 0-50yr t COgeqhatyr=1 79 94 86

after drainage (calculated)
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Fig. 6. Development in carbon loss over time in theaciaand oil palm plantations studied.

The analysis of variance confirms that the linear relationshipand “forest” data set, resulting in an “intermediate” relation
between peat subsidence rate and peat water table depth tisat may be applied where peatland land cover conditions are
statistically valid at the<0.05 significance level. Based on not clear, a stronger relationship is obtained:
the t-test on coefficients, the intercept is found to differ sig-
nificantly (p = 0.02) from zero. §=0.69—5.98x WD

The relationship for drained forest, at water table depthsyhere:

of 0-0.7m, is: )
— RegressionN =176, F = 12842, p < 0.001,R%=0.43,

S=0.41-6.04x WD
— Intercept=0.69, SE =0.3%, < 0.05,

where:
— Slope=-5.98, SE=0.53p < 0.001,

— RegressionN =51, F =26.43,p < 0.001,R?=0.35, . . . ' - . .
This analysis again confirms a valid linear relationship be-

— Intercept=0.41, SE=0.43,=0.34, tween the peat subsidence rate and peat water table depth.
B B Based on the t-test on coefficients, the intercept is found to
— Slope=-6.04, SE=1.17p < 0.001. differ significantly (»p < 0.05) from zero.

This analysis, too, confirms that there is a statistically valid . .
: ; . . 3.8 Relationships between carbon loss and wat