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Abstract

Degradation of tropical peat swamp forest (PSF) can destabilise the ecosystem carbon balance with sig-
nificant amounts of carbon lost via drainage channels. Peat-draining channels are typically supersatu-
rated with greenhouse gases and can constitute evasive hotspots within catchments, but losses by fluvial
emissions have not yet been quantified for intact and degraded PSF. These fluvial emissions are pre-
sented in this study, which considers differences between land-use classes, across both wet and dry
seasons, and how fluvial greenhouse gas fluxes were affected by a strong El Nifio.

Wet season CO, emissions were <2—times higher than dry season emissions, for both land classes,
with normal seasonal ranges of 3.36—4.67 and 2.58—3.13 g-CO,-C-m~2-d ! for the intact and degraded
land classes, respectively. When scaled up, the intact and degraded PSF channels contributed less than
a millionth, and <1%, of total CO, flux, respectively, to landscape-scale ecosystem emissions. Radiocar-
bon dating of channel CO, found that it was recently photosynthesised for the intact PSE, but the age
of the degraded PSF CO,-C was 3411655 BP, indicating that carbon from deep peat layers was being
degraded.

Diffusive CH, fluxes from channels were <9—times higher in degraded PSF than in intact PSE,
the ranges being 9.47—16.8 and 1.25—-2.16 mg-CH,-C-m~2-d !, respectively. The El Nifio event caused
an anomalous water table drawdown which resulted in a state shift in the intact PSF whereby channels
produced quantities of CH, comparable to the degraded PSF; however, CH, fluxes returned to normal af-
terwards, demonstrating ecosystem resilience. The El Nifio also promoted the lowest and highest fluxes
of CO, and CH,, respectively, at both land classes. Channel emissions made a negligible contribution to
total CH, fluxes at the intact PSF, but channels at the degraded PSF, which cover 0.5% of the landscape,

may have contributed <68% of the total landscape CH, flux when ebullition estimates are included.
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B9

Median dissolved oxygen concentrations at the degraded land class were approximately

double those of the intact land class. In both seasons concentrations were significantly

different, but less so in the dry season (late wet season p = 5.85 x10~*; dry season p =

1.58 x10~". In the wet season, the intact and degraded land classes contained 1.7 and 3.5

mg-L™!, respectively, and in the dry season the concentrations were 2.2 and 4.5 mg-L™",

respectively. | . . . . . ..

B.10

DOC concentrations at each of the sites, spanning the LWS, EDS and PDS tield seasons.

Median intact DOC concentration was consistently highest at the intact sites (54.4 to 58.1

mg-L~'), with DOC concentration generally declining as severity of degradation of the

PSF catchments increased; DOC concentrations were 46.6, 45.4, 22.5 mg-L™" respectively

for TAR1, TUN1 and BERI (the intermediately degraded sites), and 29.3 mg-L~" for KALA,

the severely degraded site.| . . .. .. .. ... .. .. .. .. L o
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BIT

DOC concentrations at the intact and degraded land classes in the late wet and dry sea-

sons. In the late wet season, the intact land class (median = 57.1 mg-DOC-L™') had

signiticantly higher DOC concentrations than the degraded land class (median = 41.7

mg-DOC-L™"; p = 2.54 x10~'*). Similarly, in the El Nifio dry season, the intact land class

had significantly higher DOC concentrations than the degraded land class (respective me-

dians =58.8and 41.0 mg:DOC-L= 5, p <22 x10~1).| . . ... .. ... ... ... .. ...

B12

DOC concentrations and aromaticity of SAB1 and KALA in the final sampling season,

EWS. SAB1 had a significantly higher DOC concentration than KALA (respective medians

=61.9 and 41.4 mg-DOC-L™*; p =9.00 x10~"), and the DOC from KALA was significantly

more aromatic than SABI (respective medians = 22.5 % and 20.3 %; p = 0.00135).|. . . . .

B13

Results of TD-ToF-PTR-MS analyis of DOC samples from SABI and KALA. There was no

clear trend in the mean oxidative state of carbon (OSc) between the two sites, however

there was clear separation in the number of carbon atoms per molecule (nC) whereby

KALA demostrated the heavier —and therefore larger— molecules. Figure from Materi¢ et

AL Q0TD) ] v e

B4

Median dissolved CO, partial pressures were consistently higher at the intact sites than at

the degraded sites, in both late wet and dry seasons of 2015. KALA in the late wet season

was much lower than intact and intermediately degraded sites. In this season intact and

degraded dissolved COs medians ranged from 13,259 to 13,523, and 6,023 to 13,485 patm,

respectively. In the dry season, intact and degraded dissolved CO, respectively ranged

from 7,503 to 13,626 and 2,069 to 6,954 patm. SAB1 was the only site to show an increase,

though it was by comparatively little. | . . . . . .. ... ... ... ... o o 0L

B15

Median dissolved CO, partial pressures were higher at the intact land class in both sam-

pling seasons, but the values more constrained in the former. In the late wet season, in-

tact and degraded median dissolved partial pressures were respectively 13,359 and 11,637

patm CO,, and in the dry season, 9,148 and 2,669 patm CO,. In both seasons, degraded

dissolved CO, was significantly lower than at the intact land class (late wet season: p =

8.06 x10~ 1% dry season: p=7.74 x107C). | . . . . ... L
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B16

Median dissolved CO, concentrations were positively correlated to DOC concentrations

when data for each available sampling day were plotted (R =0.29, p = 1.508 x10~°). This

suggests that DOC concentrations have a significant influence on the amount of dissolved

CO; in the channels but the weak R~ also suggests that other (unmeasured) sources play

a role. The intercept on the y-axis of 2,097 ppm CO- turther suggests that there are other

signiticant sources of CO, other than DOC within the channels| . . . . . .. ... ... ..

B17

keoo 1n the late wet season and dry season of 2015. During the late wet season, intact

keoo ranged from 0.85 to 1.15 m-d~* and degraded ranged from 0.53 to 0.88 m-d~*. In the

dry season, kgop decreased at the intact sites and mostly increased at the degraded sites;

ranging from 0.33 to 0.67, and 0.59 to 1.06 m-d ", respectively. |. . . ... ... ... .. ..

B8

koo by land class in the late wet and dry seasons of 2015. kgp was signiticantly different

between land classes in both seasons. There was a general reduction of kg In the dry

season with respect to the wet season. In the late wet season, median koo values were 0.92

and 0.83 m-d ! for the intact and degraded land classes, respectively. In the dry season,

median values were 0.45 and 0.73 m-d " for intact and degraded sites, respectively. | . . .

153

B9

A subset of gas exchange and water velocities (from the intact site in the wet season) did

not show a significant relationship. This indicates that there are other, more significant

drivers] . . . . . e

155

B.20

CO,, fluxes by site, in the late wet and dry seasons of 2015. Note the different y-axis scales.

In the late wet season, the median intact fluxes ranged from 4.41 to 6.29 g-C-m--d .

The degraded CO, fluxes ranged from 2.17 g-C-m~“-d ' at KALA t0 3.60 g-C-m~~-d" ' at

TAR1. In the dry season, all sites yielded lower median fluxes; they ranged from 1.48 to

1.97,and 0.98 to 1.46 g-C-m~—=-d " at the intact and degraded sites, respectively.| . . . . .
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BaT

CO, fluxes by land class in the late wet and dry seasons of 2015. Note the different y-

axis scales. The intact site had significantly higher fluxes in both the late wet season and

the dry season (p < 2.2 x10~° and p = 2.50 x10~°, respectively), though the difference

was greater in the late wet season. Median CO, fluxes in the late wet season were 4.68

and 2.49 ¢-C-m “-d~ " for the intact and degraded sites, respectively. Both land classes’

median CO, fluxes for the dry season were lower than the late wet season; 1.81 and 1.07

g-C-m~“-d~" for the intact and degraded sites, respectively. | . . . ... ...........

B2

'*C-enrichment of the dissolved COs trapped by the zeolite sieves. The sieves were de-

ployed in the intact and degraded channels for a month in the late wet season. All intact

samples had a ‘modern’ radiocarbon age (>100 % *C-enrichment). The CO,-C of the

degraded channels was found to be pre-modern where radiocarbon ages ranged from

341+£37to1655+36 yearsold. |. . . .. .. ...
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B3

Schematic of the main sources of DOC and CO, to a channel draining intact peat swamp

forest in a wet and dry season (left and right panes, respectively). In the wet season when

rains are frequent and intense, the water table is kept higher and overland flows can con-

stitute a significant source of CO, and DOC to the channels. The peat near the surface

contains the most labile carbon and nutrients, and hence this material would promote

degradation and emission of CO, in and by the channels. Though dissolved CO, may

enter the channel by overland- and through-flows, however, anoxic layers that are sub-

merged may not produce a substantial quantity of CO,. Conversely, in the dry season

when the water table is lower, the deeper peat layers may yield significantly more re-

calcitrant DOC and there are negligible overland flows to provide more labile material.

Further, a reduced wetted volume of peat connected to the channel could reduce the po-

tential size of reservoir that may yield carbon to the channels. CO, emissions in the dry

season therefore are consequently lower. | . . . ... ... ... ... o o o 0L
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4.1 Sources and sinks of CH, for a channel in an intact peat swamp forest. The main terrres- |

[ trial sources of methanogenesis in the peat are in the rhizosphere and in the deeper bulk |

| peat. CH, can also be produced in the bottom sediments of the channel. CH, may be |

[ transported from the peat to the atmosphere by plant-mediated transport, or oxidised in |

| the rhizosphere, before it reaches the channel. Emissions from the channels may be by |

[ tloating mats of vegetation, by dittusion of free CH, in the water column, or by bubble |

[4.2 Pane a) A 3-year water table dataset provided by the Borneo Nature Foundation for the |

[ intact land class. It shows measurements from six dip wells; three adjacent to SAB2, and |

| three adjacent to SAB3. The mean water level is shown as a bold black line. The data |

| presented in this section pertain to the LWS and EDS sampling seasons (indicated toward |

[ the bottome of the plot), the latter conducting during the 2015 El Nifio event. During EDS, |

| the water table depth dropped well below normal range (highlighted by the horizontal |

[ grey band). Sundari et al. (2012) observed that the water table at the degraded land class |

| did not exceed that of the intact land class during the dry season. No water table data |

| were collected for the degraded land class, but Pane b) shows that the water level in the |

[ channels was always lower at the degraded land class than at the intact land class during |

[ EDSY] . oo 173

[4.3 Dissolved CH, by site. In the late wet season intact dissolved CH, was very constrained |

[ and comparatively low where medians ranged from 94 to 186 patm. Dissolved CH, at the |

| degraded sites had much greater variances and were much higher, medians ranging from |

[ 579 to 2,361 patm. In the dry season the degraded sites remained in the same range with |

| 1,285 to 1,837 patm, whereas the intact sites increased markedly to a range similar to the |

| degraded sites (medians =515—2518 patm). | . . . . . ... .. Lo Lo 175
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Partial pressures of dissolved CH, by land class in the late wet and dry seasons. In the late

wet season, the intact land class median was 166 patm CH, and partial pressures were sig-

nificantly lower than the degraded land class (median = 1,215 patm CH,; p < 2.2 x10~'°).

In the dry season, the degraded land class median increased slightly to 1,341 patm CH,,

but the intact land class median rose 5.8—times to 968 patm and the partial pressures were

not significantly different to the degraded land class. Low water levels could have re-

tarded the intact forest’s ability to oxidise CH, in the rhizosphere, or translocate CH, via

trees’aerenchyma.| . . .. ... ... .. .. L L

176

A5

Estimated diffusive CH,4 fluxes by site, in the late wet and dry seasons of 2015. Note the

different y-axis scales. In the late wet season, the median intact fluxes ranged from 1.52

to 2.61 mg-C-m~~-d~'. The degraded sites were much higher ranging from 10.84 to 17.07

mg-C-m~“-d” . In the dry season, diffusive CH, emissions increased at all sites; ranging

from 6.79 t0 9.43 mg-C-m~-d~' at the intact sites to 19.35 to 32.52 mg-C-m—=-d ' at the

degradedsites. | . . . .. ... ...
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E6

Estimated diffusive CH4 fluxes by land class, in the late wet and dry seasons of 2015.

Note the different y-axis scales. The degraded land class had significantly higher fluxes

than the intact land class in the late wet season (p < 2.2 x10~'°) and there was much

greater variability in the data (medians were 2.11 and 13.30 mg-CH,-C-m~“-d " for intact

and degraded land classes, respectively). In the dry season median dittusive fluxes rose

at both land classes. The degraded site maintained significantly higher fluxes (p < 2.2

x10~1%), though the proportional difference between land classes was less (medians were

7.76 and 29.64 mg-CH,-C-m~*-d ™" for intact and degraded land classes, respectively). |. .

24
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Map of the sampling region in Central Kalimantan, Indonesian Borneo. The provincial

capital, Palangkaraya, is labelled. Wet season sampling locations are shown in light blue

and dry season sampling locations in yellow. These do not indicate the extent of the chan-

nels, only the sampling locations. Much greater stretches of the channels were accessible

during the late wet seasons than the dry seasons (see Chapter 3). The intact Sabangau

Forest National Park and degraded Mega Rice Project Block ‘C” lie on opposite sides of

the Sabangau River. In the first two seasons, running up to and including the 2015 El

Ninio, TUN1 was used as the third degraded site, but due to logistical issues this site was

replaced with another degraded site BER1 for the later two sampling seasons in 2016.

(Source map (©) 2018 Google.) |. . . . . ... ..
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52

Comparisons of seasonal water table data at the intact land class. In the left pane are

data from the two wet seasons, LWS in 2015 and EWS in 2016. There was no significant

difference in water table depth in the wet seasons. The El Nifio dry deason (EDS) had

a significantly lower water table (p = 4.08 x10~°) than the dry season following the El

Nino (PDS), likely as there was no rainfall anomaly (shown in the right pane). If PDS

consititutes a more normal dry season (mean water table = -16.78 cm), the El Nifio affects

a considerable departure from the norm (mean water table = -60.83 cm). (Data provided

courtesy of Borneo Nature Foundation.) | . . .. ... .. ... ... ............

53

Seasonal changes in the partial pressures of CO, (left) and CH, (right) where seasons 1,

2,3 and 4 are LWS, EDS, PDS and EWS, respectively. Lines are drawn to demonstrate the

relative behaviours of the individual sites in the study. Two bolder, dashed lines mark the

intact and degraded land classes and their median values. Dissolved CO, at the intact land

class was higher in seasons 1—3, but high values from TAR1 and BER1 in season 4 meant

that median dissolved CO, at the degraded land class season exceeded those observed at

the intact land class. Dissolved CH, at the degraded land class was consistently higher

than at the intact land class across all sampling seasons.| . . . .. ... ... ........
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Monthly water table data from six dip wells located in the intact land class (shown with

lines). The bold black line is the smoothed mean water table. Dissolved CO, (indicated

by points) in the channels dropped sharply during the El Nifio dry season when the water

table dropped markedly. The grey horizontal band shows the range in water table ampli-

tude for the tollowing 2016—17 year which did not have anomalous rainfall or water table

depths. Yellow, red and blue data represent SAB1, SAB2 and SAB3, respectively. There is

more stochasticity in partial pressures with respect to the water table as partial pressure

data were collected at a finer temporal scale; some events that atfected water table over

periods of days may not show atamonthlyscale.| . . . ... ... ... ... ... ...

55

Monthly water table data from six dip wells located in the intact land class (shown with

lines). The bold black line is the smoothed mean water table. Dissolved CH, (indicated by

points) in the channels rose signiticantly during the El Nifio dry season when the water

table dropped markedly. The grey horizontal band shows the range in water table am-

plitude for the following 2016—17 year which did not have anomalous rainfall or water

table depths. The grey band also approximately represents the upper 25 cm of the peat,

where 83 % of the rhizosphere. The water table was deeper than -25 cm for the majority

of the El Nifio dry season. Yellow, red and blue data represent SAB1, SAB2 and SAB3, re-

spectively. There is more stochasticity in partial pressures with respect to the water table

as partial pressure data were collected at a finer temporal scale; some events that aftected

water table over periods of days may not show at amonthlyscale.| . . ... ... ... ..
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56

CO, (lett pane) and CH, (right pane) resolved as a response to water depth at the intact

land class. Dissolved CO, concentrations dropped significantly as the water table low-

ered (p = 0.005), and dissolved CH, concentrations rose signiticantly when the water table

lowered (p=0.0004). | . . . . . . .
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5.7

Seasonal changes in the fluxes of CO (left) and CH4 (right) where seasons 1, 2, 3 and 4 are

LWS, EDS, PDS and EWS, respectively. Lines are drawn to demonstrate the relative be-

haviours of the individual sites in the study. Two bolder, dashed lines mark the intact and

degraded land classes and their median values. The intact land class emitted consistently

more CO, across the sampling seasons, whereas the degraded land class was estimated to

have emitted (by diffusion) considerably more CH,.| . .. ... .. ... ... .......

53

Partial pressures (a) and fluxes (b) of CO, measured from channels draining intact and de-

graded peat swamp forest, in the pre-El Nifio wet season (LWS) in 2015 and the early wet

season of 2016 (EWS), respectively. Dissolved CO, was significantly lower in EWS than

LWS at the intact land class (p = 4.21 x 10~°), but was significantly higher at the degraded

land class (p = 5.83 x 10~ ). Fluxes of CO, followed the same pattern as dissolved CO,

in that the intact land class emitted significantly less (p = 1.07 x 10~*), and the degraded

land class emitted significantly more (p = 7.19 x 10~°) CO, in EWS with respect to LWS. |

201

59

Partial pressures (a) and diffusive fluxes (b) of CH, measured from channels draining

intact and degraded peat swamp forest, in the pre-El Nifio wet season (LWS) in 2015 and

the early wet season of 2016 (EWS), respectively. Note the different y-axis scales in both

plots. Dissolved CH, was significantly lower in EWS than LWS at the intact land class (p

= 1.81 x 10™°), but was not significantly different at the degraded land class. Estimated

tfluxes of CH, were signiticantly lower in EWS with respect to LWS at both the intact (p <

2.2 x 107 1%) and degraded (p =123 x 10~°) land classes. |. . . . . .. ... ...... ...

203

(.10

Partial pressures (a) and fluxes (b) of CO, measured from channels draining intact and

degraded peat swamp forest, during the El Nifio dry season (EDS) in 2015 and the post-El

Nifo dry season in 2016 (I’DS), respectively. Partial pressures of CO, were significantly

lower in EDS with respect to PDS, at both the intact (p = 5.97 x 10~°) and degraded (p =

3.50 x 10~ ") land classes. Fluxes of CO, were also significantly lower in EDS with respect

to PDS, at both the intact and degraded land classes, which both had p-values less than 2.2
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[5.11 Partial pressures (a) and ditfusive fluxes (b) of CH, measured from channels draining

intact and degraded peat swamp forest, during the El Nifo dry season (EDS) in 2015 and

the post-El Nifio dry season in 2016 (PDS), respectively. Note the different y-axis scales in

both plots. Partial pressures of CH, were significantly higher in EDS with respect to PDS,

at both the intact (p = 4.22 x 10~'") and degraded (p = 0.03) land classes, though the latter

was far less statistically significant. Estimated fluxes of CH, were also significantly higher

in EDS with respect to PDS, at both the intact (p < 2.2 x 10~'°) and degraded (p = 2.56 x

107" land classes. | . . . . . . . .

61

Schematic of major factors influencing abundance of dissolved CO, in the channels of

intact PSF during a wet season. High rainfall during wet season months causes high water

levels in the channel, a high water table in the peat and overland flows over the peat, each

of which deliver dissolved CO, and more labile DOC from the upper peat profile. The

surface and the upper layers of the peat are more biologically active, hence more dissolved

CO, can be transported in water and through the peat matrix to the channels. As a result,

CO, emissions tend to be high in the wet season compared to the dry season.| . . . . . ..

62

Schematic of major factors influencing abundance of dissolved CO, in the channels of in-

tact PSF during a dry season. Rainfall drops significantly during the dry season causing

channel water levels and the peat water table to drop. As a result the DOC being de-

livered to the channels is more recalcitrant in nature, which could reduce the amount of

CO, produced by biodegradation. Overland and near-surface flows in the dry season are

negligible with respect to the wet season and so a major source of dissolved CO, that is

present in the wet season can become isolated from the channel. CO, emissions therefore

tend to be lower in the dry season than in the wetseason.|. . . . . ... ... ... .. ...
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6.3

Left pane: Bar plot of average annual fluvial CO, fluxes (g-C-m~~-d ') from tropical rivers

and channels in southeast Asia. Whitewater (non-peat draining) rivers, blackwater (peat

draining) rivers, channels draining intact PSE, and channels draining degraded PSF are

coloured blue, brown, green and yellow, respectively. Channels draining peat emit ap-

proximately the same amount of CO, as tropical whitewater rivers, but blackwater rivers

appear to produce the greatest fluxes of CO, per unit area. References: (1) Miller et al.,

2016; (2) Li et al., 2013; (3) Le et al., 2018; (4) Yao et al., 2007, (5) Wit et al., 2015, (6) Miller

et al., 2015; (7) Miiller-Dum et al., 2019; (8) Jauhiainen and Silvennonen, 2012. Average

annual values for this study, (7) and (8) were calculated from their original seasonal emis-

sions given a weighting of 9:3 wet season to dry season months. Right pane: Scatter plot

of data in left pane correlated to the partial pressure of CO, given in the studies (num-

bers relate to those studies in the bar plot, as do the colours of the channel types). Data

from study (8) could not be included as no partial pressure data were available. There was

a positive correlation between river partial pressures and tluxes of CO, when the chan-

nel data in this study (ts) were excluded. The channels in this study had much higher

quantites ot dissolved CO, than those of the rivers, however the tluxes ot CO, were com-

paratively low)|. . . . ... . o

218

6.4

Root density and pore water CH, and O, data tfrom studies of intact and degraded peat

swamp forest soils. Ranges of values have been arranged according to the depth at which

the measurements were made (depth indicated on the left, as centimetres below the peat

surface). Data sourced from Sulistyanto (2005)*, Pangala et al. (2013)° and Adji et al.

(2014)°. No data have been collected for root density at the degraded land class.| . . . . .
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65

Schematic of the major processes governing dissolved CH, in the channels at the intact

site, during a wet season. Tree-mediated processes are coloured yellow and passive gas

transport through the soil coloured green. CH, is produced mainly in the deeper anoxic

peats and can gradually ditfuse upwards towards to surface, or into the channel. Trees

provide conduits for oxygen ingress and CH, egress. Methane-oxidising bacteria (MOBS)

in the rhizosphere may receive oxygen either via conducting plants or from pore water

throughtlow. This oxygen allows MOBS to metabolise CH, rising from deeper peats. This

produces CO, that can be washed into the channels. If CH, reaches conducting plant roots

before being oxidised, it can be translocated to the atmosphere. The figure is not to scale. |

223

6.6

Schematic of the major processes governing dissolved CH, in the channels at the intact

site, during an El Nino dry season. Tree-mediated processes are coloured yellow and

passive gas transport through the soil coloured green. The dittusive potential of CH,

rising from deeper, anoxic peats is much restricted by the much lower water table; the CH,

is effectively isolated from the upper peat zone where it might a) reach plant roots and

aerenchyma and be translocated to the atmosphere, and/or b) be oxidised by methane-

oxidising bacteria (MOBS) in the rhizosphere. Some CH, may diffuse from the water into

air spaces and get taken up by the soil sink, as atmospheric CH, can. The rest of the CH,

may persist in the water and eventually be transported to the channel via soil throughflow.

The figureisnottoscale.| . ... ... ... ... .. .. .. L L L

6.7

Map of the ex-Mega Rice Project adapted from Ritzema et al. (2014) showing the areas des-

ignated as Blocks A—D. An estimate of the channel surface area for the Mega Rice Project

was made using channel width data from a survey by Rais and Ichsan (2008) conducted

in Block A (highlighted in yellow in the lett pane) with the individual survey points (n =

73) shown in the right pane (Source map (© 2018 Google). Channel widths ranged from

3.2—20.3 m with the median width being 12.5m.| . . ... ... ...... .. ... ....
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6.8 Ditfusive CO,e fluxes during the seasons (left pane) and as annual estimates during and

[ after the 2015 El Nfo (EN and Post-EN, respectively; right pane) per square metre of chan-

| nel per day. CO,e for methane was based on a sustained global warming potential of 45

| (Neubauer and Megonigal, 2015). It is important to note that the intact land class, though

| having higher channel CO,e fluxes, the ecosystem is a net-sink of C, whereas the degraded

[7.1 ~Channel water tlow velocities measured with the impeller. There was no siginficant dit-

| ference between the intact and degraded land classes (Two sample ¢-test, ¢ = 1.02, df = 111,

| p = 0.31, means = 0.13 and 0.12 m-s™ ", respectively). | . . ... .......... ... ...

[7.2 Wind speeds were measured with a handheld anemometer at the intact and degraded

| land classes, as well as on the Sabangau River. Only 3 of 29 measurements of wind speed

[ at the intact land class were detectable. The median wind speeds at the degraded land

| class and the Sabangau River were 1.3 and 1.6 m-s—*, respectively. | . . . .. ... ... ..
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Fieldwork took place in two campaigns that each comprised a wet and dry season, in 2015

and 2016, respectively. In between those two campaigns was a wet season (both early

and late phases) during which no data were collected. Wet seasons are separated into two

phases; when the rains return after the wet season the water levels are ‘rising’, and as

rainfall reduces after the peak of the wet season the water levels are “lowering’. Fieldwork

was prematurely ended for EDS due to severe fires at the degraded land class (which were
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Chapter 1

Introduction

1.1 Peatlands and their role in the carbon cycle

Peatlands play a significant role in the carbon (C) cycle in that they are highly concentrated soil stores
of historic C (Limpens et al., 2008). They form at latitudes that feature a wet climate (see Fig. and
where the decomposition of the dead remains of plants that inhabit an area is impeded due to low oxy-
gen levels (Freeman et al., 2001), thereby facilitating the build-up of partially decayed organic matter.

Since high rainfall can cause inundation, and water can act as a barrier to the ingress of oxygen to
soils, a water table that is close to or at the peat surface for most of the year creates anoxic conditions,
greatly limiting aerobic degradation of plant material (Rydin and Jeglum, 2006). If the plant material
contains large amounts of phenolic acids, these can act to further inhibit the enzymes responsible for
organic matter degradation (Freeman et al., 2001). The partially decayed organic carbon in peatlands has
sometimes accumulated to considerable depths (5-10 m) over many millennia (Limpens et al., 2008).

As peatland ecosystems typically accumulate more C than they lose, they are considered ‘carbon
sinks” (Limpens et al., 2008). Figure [L.1| shows the largest peatlands and that the largest proportion of
global peatland C is found in the northern hemisphere. Here, peatlands formed as a result of natural cli-
matic change since the end of the last glacial period, and where the retreating glaciers left topographical
features suited to water retention and peat formation (Gorham, 1991). As such, most of these peatlands
formed during the Holocene are less than 10,000 years old.

In the tropics, whilst some peatlands were forming during the glacial period and can be over
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25,000 years old, most formed during the Holocene as a result of post-glacial changes in sea level (Page
et al., 2004). Whenever they were formed, during the Holocene, tropical peatlands underwent rapid
rates of peat accumulation and are typically significantly deeper than northern peatlands. Deeper tropi-
cal peats, therefore, have a larger soil C volume-to-area ratio than northern hemisphere peatlands (Page
etal., 2011).

The atmosphere contains “750 Pg-C (Sundquist, 1993; 1 Pg = 1 x 10'® g, or one gigatonne) which
is similar to the amount held in peat soils; northern hemisphere, tropical and southern hemisphere peat-
lands are respectively estimated to contain 500 & 100 Pg-C (Yu, 2012), 69.6—129.8 Pg-C (Page et al., 2011;
Dargie et al., 2017), and 15 Pg-C (Yu et al., 2010), totalling between 484.6 and 744.8 Pg-C. Tropical peats
therefore contain between 14—17 % of the total amount of C held in peats, globally.

Peatlands in the northern hemisphere have been the subject of much research, but it has only been
in the last two decades that the global importance of tropical peatlands has been appreciated. Like their
equivalents in the northern hemisphere they perform numerous ecosystem services, such as flood mit-
igation and providing habitat for organisms that are specialised to live in waterlogged, nutrient-poor
environments (Rydin and Jeglum, 2006; Yule, 2010). They can also be substantial sinks and sources of
carbon dioxide (COy; Page et al., 2002; Page et al., 2009b; Couwenberg et al., 2010; Hirano et al., 2012)
and also methane (CHy; Jauhiainen et al., 2008; Couwenberg et al., 2010). Given that both CO, and CH,
are atmospheric greenhouse gases there is a need for tropical peatlands to be better understood so that

their influence over global change can be quantified.
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Figure 1.1: Global distribution of peatlands (Source: Yu et al., 2010). Peatlands occur in climatically wet areas: mostly where the
polar and mid-latitude atmospheric circulation cells meet around 60° north and south, respectively, and; at the equator where the

north and south Hadley atmospheric circulation cells meet.

1.1.1 Peat swamp forests and threats to their carbon store

Tropical peatlands occupy “11 % of global peatland area, with about 50 % of this occurring in Southeast
Asia (see Fig. [1.2). In this region the most extensive peatlands are ‘ombrotrophic’ (i.e. rain-fed systems).
Some peat domes can exceed 20 m in depth and so a large amount of peat C can be stored per unit area,
with respect to northern peats (Page et al., 2004; Posa et al., 2011).

Tropical peatlands differ significantly from northern peatlands in that they are predominantly

forested ecosystems as opposed to moss and shrub-dominated ecosystems.
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Figure 1.2: Map of the Indonesian archipelago and surrounding nations (Source: Page et al., 2004). Borneo is the largest island in
the centre which is made up of Brunei, the Malaysian provinces of Sabah and Sarawak, and the Indonesian provices that make up
Kalimantan. The provincial capital of Central Kalimantan, Palangkaraya, is marked by a black star. The horizontal line marks the

equator. Most of Southeast Asia’s peatlands are found in coastal or sub-coastal locations.

Southeast Asia holds 69 Pg-C in its peatlands, or “66 % of the total amount of tropical peatland C. In-
donesia alone contains ~ 54 % (57 Pg) of total tropical peatland C, making it the most tropical peat C-dense
country in the world (Page et al., 2011; Dargie et al., 2017). The natural vegetation cover of the peatlands
in this region are known as peat swamp forests. In terms of the countries with the greatest peatland area
in Southeast Asia, Indonesia has the most (20.7 Mha), whereas the next highest, Malaysia, has consider-
ably less (2.6 Mha; Page et al., 2011). Maintaining a forest and a high water table has been recognised
as being important in maintaining peats and the long-term peat swamp forest C sink ecosystem service
they provide (Page et al., 1999; Page and Baird, 2016).

Indonesia is a developing country and is one of the world’s emerging economies that has one of
the fastest economic growth rates (Anderson et al., 2015). One of the driving forces of this growth has
been the large-scale exploitation of its extensive natural resources, including its peat swamp forests, in
recent decades (Miettinen et al., 2012).

In the decade between 2000 and 2010, considerable amounts of forest and peatland cover were
lost to land use change in Malaysia and Indonesia; Miettinen et al. (2011) estimated that they defor-
ested 2.3 Mha and 8.8 Mha of their forests and converted 0.56 Mha (55 %) and 2.20 Mha (17.3%) of their
peatlands, respectively, to other uses, such as agriculture (see Fig. [I.3). Indonesia’s peatlands are particu-

larly C-dense and have been estimated to contain 3,350+110 Mg-C-ha~! (Tonks et al., 2017), but land-use
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change, including deforestation and conversion to large-scale plantations and small-holder farms, has

caused very substantial ("4—7x) losses of peat C and C storage capacity per unit area (Tonks et al., 2017).

HISTORICAL PEAT SWAMP FOREST ECOSYSTEMS

r T T T T T T 1
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Historical extent of peat swamp forest

South China
Sea

Java Sea

Figure 1.3: Map of past and current peat swamp forest cover on Borneo (Source: Wulffraat et al., 2016). Peat swamp forest is now

at 42 % of historical cover, the vast majority of that being lost since 1990 (Miettinen et al., 2017).

Tropical peat swamp forest is dependent on comparatively high levels of rainfall, which is the sole source
of water into the ecosystem; they are normally wet environments, where the water table is near or at the
peat surface for most of the year (Page and Baird, 2016). Peat swamp forest is generally given little so-
cial value and may even be seen by some as a nuisance (Meijaard et al., 2013); its swamp-like nature
means that access is very difficult and, up until recently, the land was considered unsuitable for many
kinds of agriculture. Initially, the swamp forests were exploited for their timber but more recently, and
particularly since the 1990s, the land has been drained to allow conversion to agricultural land or plan-
tations for the oil palm and paper pulp industries (Koh et al., 2011). Due to its various land uses, peat
swamp forest in southeast Asia exists as a broad spectrum of conditions; peat swamp forest can be pris-
tine or undisturbed, lightly or heavily impacted by disturbance and then subsequently abandoned, or
converted partially or entirely for agriculture.

Many classifications, reflecting the many land uses of peat swamp forest have been devised. These
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classifications have included: pristine peat swamp forest, whereby there is no obvious anthropogenic im-
pacts (Miettinen et al., 2016); intact peat swamp forest, whereby selective logging or channel construction
may have taken place yet the maintains e.g. typical floras and ecosystem services associated with pris-
tine peat swamp forest (Jauhiainen et al., 2011; Moore et al., 2013); degraded peat swamp forests, which
have been deforested and had larger channels constructed and may have been abandoned (Sundari et
al., 2012; Moore et al., 2013); oil palm plantations, whereby the vegetation are replaced with Elaeis spp.
(Miettinen et al., 2012); paper pulp plantations, whereby Acacia spp. replaces the peat swamp vegetation
(Evans et al., 2019). These land use types are selected as the more researched representatives from the
peat swamp forest land use spectrum to demonstrate their differing characteristics in Fig. (1.4 and Table
[L.1} However, there are many more definitions and states of peat swamp forest: oil palm plantations can
be on a range of rotation lengths (Warren et al., 2017), and may represent young or mature plantations
(Cooper et al., 2019); forest plantations may consist of other commercial tree species where a range of
management practices may be employed (Evans et al., 2019); peat swamp forest can be used for other
agricultural uses such as growing pineapples, coconuts, rice, sago palm, rubber, and others on small-
holder or industrial scales (Miettinen et al., 2016; Evans et al., 2019); and newly establishing pioneer peat
swamp forest (Cole et al., 2015), however the quality of this peat swamp forest may be affected by the

disturbance history of the peat dome.

Pristine Y Intact Y Intermediately % Severely Oil palm Forestry
degraded degraded plantation

Subsidence Compaction

* No channels *Small channels * Larger channels *Very large channels * Large/very large * Large/very large
* Primary forest imary forest * Peat subsidence Peat subsidence channels channels
* Selective logging Peat compaction * Peat compa * Peat subsidence * Peat subsidence
- *Secondary regrowth *Negligible regrowth Peat compaction Peat compaction
* No water table * No water table * Controlled water table * Controlled water table
regulation regulation * Fire prone * Fire prone
* Fire prone * Fire prone

Figure 1.4: Representative intact, degraded and converted peat swamp forest types demostrating some types of land uses, and
characteristics and vulnerabilities of the peat resulting from those land uses. The land class types investigated in this thesis are
marked with red stars. A red and white scale bar represent depth in metres to demonstrate the depth of the channels typically

associated with disturbed/converted peat swamp forest.
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Ideally, to investigate the impacts of land use change on peat swamp forest, studies would compare a
disturbed or converted peatland to its intact analogue, a pristine peat swamp forest. However, a study by
Miettinen et al. (2016) of Penisular Malaysia, Sumatra and Borneo showed that 93.6 % of swamp forests
had been impacted by humans since 1990. Pristine forest is therefore scarce, 66 % of which is in Brunei
(Miettinen et al., 2016). As a result, the virtually all published studies assessing the impacts of land use
change on peat swamp forest have used intact, lightly disturbed forest for comparison as it maintains, for
example, the typical floras and ecosystem services associated with pristine peat swamp forest (Hirano et
al., 2007; Jauhiainen et al., 2011; Moore, 2011; Moore et al., 2013).

Degraded and converted peatlands, such as those in Fig. are typified by having been heavily
logged or deforested, and by the presence of large channels that drain water from the surrounding catch-
ments. Deforestation impacts biodiversity, and the structure and stability of the peat (Baird et al., 2017;
Evans et al., 2019), and the channels significantly alter water table amplitude and lower mean annual
water table depth, with respect to intact peat swamp forest (Sundari et al., 2012). Therefore, the ecosys-
tem characteristics, and hydrological and biogeochemical functioning of degraded and/or converted

peatland can be fundamentally different to intact peat swamp forest (see Table[1.T).
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Table 1.1: Characteristic ecological, geochemical and environmental data for comparison of PSF land use types. Where sources
present values from multiple studies, values presented are means of the all studies, with the number of studies in parentheses.
More detailed information on typical vegetation across the types can be found in e.g. Page et al., 1999, Harrison et al., 2010, Moore,

2011 and Cole et al., 2015. Land cover estimates span Peninsular Malaysia, Sumatra and Borneo.

Pristine Intact Intermediately Severely Oil palm Forestry (Acacia ~ Source
PSF PSF degraded PSF degraded PSF  plantation plantation)
Vegetation type Primary forest ~ Primary forest ~ Secondary forest Ferns Elaeis spp. Acacia spp. 1
missing some Tall scrub Low scrub
economic spp. Bare peat
Land cover (%) 6.4 22.8 11.1 54 (49.8) 1
Mean water table (cm) -25.6 (5) -56.0 (5) -70.0 (2) 2
6.0 -14.0 -39-21 3

-18.3 -39.6 -55.5 -65.5 -78.6 4
Organic matter (%) 94.1 88.8 86.1—-77.3 3
Moisture content (%) 82.3 46.3 33.9-56.6 3
Pore water pH 34 3.7 3.7-3.9 3
Air temperature (°C) 26.3 26.0 26.0 31.7 32.3 4
Peat temperature (°C) 26.3 28.8 29.5 27.5 30.5 4
Subsidence -2.1(5) -3.4(7) -4.8 (2) 2
(em-yr— 1 )
COg2 emissions 9.45 9.20 13.6 34.2 22.6 5
(TgCoyr™1)
Net CO5 balance -14 5.3 11.2 8.2 19.6 4
(Mg-C-ha™'.yr™1)
CHy4 emissions 28.6 3.7 5.2 -0.2 2.0 4

(kg-C-ha=tyr=1)

Sources used: 1) Miettinen et al., 2016; 2) Evans et al., 2019; 3) Cooper et al., 2019; 4) Hergoulac’h and Verchot, 2014; 5) Miettinen et al., 2017.

A lowered water table resulting from the channels dug when changing land use is generally re-
garded as the driver of significant changes in peat biogeochemistry. The most impacted sites are con-
sidered to be those with the lowest water tables; lower water tables make it harder for peat swamp
vegetation to survive and peat oxidation and compaction are promoted (Evans et al., 2019). Oxidation
results in a drop in organic matter content, and as soil moisture reduces it becomes more prone to peat

fires during dry seasons (Page et al., 2001). Environmental changes also take place as a result of defor-
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estation and drainage of peat swamp forest, for example, pH and air and peat temperatures generally
increase as the water table becomes lower. The emission of greenhouse gases such as CO, and CH, are
also affected and, importantly, degraded and converted peatlands typically switch from CO, sinks to

becoming CO, sources (Hergoulac’h and Verchot, 2014; Miettinen et al., 2017).

1.1.2 Peat swamp forest degradation in Central Kalimantan

Central Kalimantan in Indonesia is probably the most researched region in terms of comparisons of in-
tact and degraded peat swamp forests; extant there are both large areas of intact peat swamp forest,
and intermediately and severely degraded peatlands that are separated only by a major river, the Saban-
gau River. Being in such close proximity, numerous studies have reported on the peatlands’ respective
biogeochemistries, carbon balances and greenhouse gas fluxes, with some of these data being collected
simultaneously (Hirano et al., 2012, Sundari et al., 2012; Moore et al., 2013).

Table [1.2| highlights some significant environmental and biogeochemical differences between in-
tact, intermediately degraded and severely degraded in Central Kalimantan. Temperatures are typically
hotter, and rainfall and water tables lower, at the degraded land use types than intact peat swamp for-
est. Ecosystem respiration and gross primary productivity are highest at intact peat swamp forest, and
decrease as the severity degradation increases across the land use classes. There is a much more signif-
icant reduction in gross primary productivity in the degraded land land use classes and therefore their
respective net ecosystem exchanges of carbon (dioxide) are "2 to 3—times higher than intact peat swamp
forest (Hirano et al., 2012).

Research pertaining to the channels draining intact and degraded peat swamp forest are very
scarce, and therefore understanding of these small fluvial systems is currently limited; Table[L.2]includes
the two existing studies regarding carbon fluxes from the channels, and some environmental data from
a study of fish populations in the Sabangau Forest (Thornton et al., 2018). Therefore, many data pre-
sented in this thesis represent newly acquired, previously unavailable data. Data from rivers will be
discussed later in this chapter, but these data are limited in terms of interpreting differences between
land use types as the rivers can drain a mix of intact and degraded catchments and therefore, taking a
geochemical perspective, the signals are mixed and do not yield direct information on the effects of land

use change. Moore et al. (2013) was the first study to compare differences between intact peat swamp
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Table 1.2: Environmental and biogeochemical data for catchments and channels in intact and degraded PSF in Central Kalimantan.
Air temperatures were recorded “30 m from the ground by flux towers, and therefore do not represent temperatures beneath the

canopy in intact PSE. §The intermediately degraded sites in Hirano et al. (2012) were drained but not deforested.

Intact Intermediately degraded = Severely degraded Source
Catchment data
Air temperature (°C) 263" 25.9-26.8* Hirano et al., 2007
*Sundari et al., 2012
Soil temperature (°C) 243-274 25.1-28.5 Sundari et al., 2012
Rainfall (mm-yr~ b 2,744 2,356 2,225 Moore, 2011
Mean water table (cm) 0.26—70.72 ~0.10—"1.26 Sundari et al., 2012
Ecosystem respiration (g-C-m™~2.yr 1) 3,642 3,519% 1,787 Hirano et al., 2012
Gross primary productivity (g-C-m™ 2 yr B 3,468 3,1918 1,289 Hirano et al., 2012
Net ecosystem exchange (g-C-m~2.yr~1) 174 3288 499 Hirano et al., 2012
Channel data
Channel width (m) <3 3—-6 10-25 Moore, 2011
Channel depth (m) "1 2-3 1-7 Moore, 2011
Dissolved Oz (mg-L™") 12-1.7 Thornton et al., 2018
Water temperature (°C) 25.4—-26.4 Thornton et al., 2018
pH 3.4—43 Thornton et al., 2018
Mean annual DOC (mg-L™ B 68.0 55.0 483 Moore et al., 2013
DOM™C age (yrs before present) Modern 188—735 1,308—1,760 Moore et al., 2013
TOC loss (g-C-m™2.yr—1) 63 88 105 Moore et al., 2013
CO3 emissions (g-m™ 247YH 9.0 Jauhiainen and

Silvennoinen, 2012
CH,4 emissions (mg-m72 -d~ 1) 164 Jauhiainen and

Silvennoinen, 2012

forest and its intermediately and severely degraded counterparts. Like the terrestrial study of Hirano et
al. (2012), Moore et al. found that there were significant differences of carbon cycling and export between
the three land use types; intact peat swamp forest exported 63 mg-L~! of recently photosynthesised car-
bon to its channels, whereas as the level of degradation increased, the peatlands released less carbon
(48.3—-55 mg-L~1-TOC) but was 188—1,760 years-old in age (see Table . From the data presented, it
is clear that land use change of peat swamp forest is having an effect on carbon losses from previously
stable stores, but there are other symptoms of peatland degradation in terms of the compromising the
ecological resilience of peat swamp forest and the ecosystem losing carbon.

One example of large-scale agricultural development on peatland was the Mega Rice Project in

Central Kalimantan, which started in 1995 and abruptly ended in 1999 (Moore, 2011). Rice is the staple
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food in Indonesia, and although some rice is grown in the country it continues to be a net-importer. The
Mega Rice Project was intended to bring about Indonesian self-sufficiency in rice production (Boehm
and Siegert, 2001; Moore, 2011) through deforestation and drainage of >1 Mha of peat swamp forest
and conversion to rice fields. This involved cutting >4,000 km of channels to drain the peatland and
subsequently to provide water table control that would enable wet rice production (de Vries, 2003). The
channels were not cut correctly and the land was drained excessively and the peat became too dry to
grow rice (Boehm and Siegert, 2001).

Dry peats can become combustible, and during the 1997—98 El Nifio severe fires swept across
much of the Mega Rice Project and other areas of degraded peatland (Boehm and Siegert, 2001; Page et
al., 2002). The project was abandoned by the Indonesian Government in 1999, having failed to produce
an economic rice crop. Since then, the uncontrolled nature of the drainage means that the land is subject
to seasonal floods during the wet season and fires during the dry season, creating a very challenging
environment for peat swamp forest vegetation to re-establish, and also exacerbating C loss from the peat
(Page et al., 2009a).

Fires constitute a major C loss pathway from degraded peatlands (Page et al., 2002), but it is fre-
quently used as a cheap and effective method to clear land of unwanted vegetation and debris. Burning
is often carried out during the dry season in an attempt to clear degraded peatlands but the low rainfall
during this time can allow the fires to spread. However, drier years, such as those exacerbated by El
Nifio, mean that there may be negligible or no rain for protracted periods and fires can get very large
and, consequently, may burn completely out of control (Koplitz et al., 2016).

Fires during El Nifio years have released globally significant amounts of C to the atmosphere in
periods of a few months; Page et al. (2002) estimated that 0.95 Pg-C was released during extensive peat-
land fires in 1997, while fires occurring during years with weaker El Nifio events released 0.2, 70.3 and
0.3 Pg-C in 2002, 2006 and 2015, respectively. Cumulative peat fire C emissions since 1997 are thought
to be 2.9 Pg (Miettinen et al., 2017).

As well as C loss from peat fires, the lower water table resulting from channels can promote peat
oxidation (via biological degradation; Miettinen et al., 2017); more oxygen from the atmosphere can reach
the peat allowing it to be decomposed by aerobic pathways, resulting in the release of e.g. CO, to the

atmosphere (Freeman et al., 2001).
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In intact tropical peatlands, this can be a natural phenomenon that can occur during the short ("3-
month) dry season. Despite the oxidation that can occur in the dry season, an intact tropical peatland
over a full year can function as a net sink for CO,; the wet season typically accumulates more CO, than
is lost in the dry season (Hirano et al., 2007).

When channels drain tropical peatlands, much more oxidation of the peats can take place, and C
loss by oxidation can proceed all year round. Further, as conversion of peat swamp forest often includes
removal of the forest, the ability of the ecosystem to continue to sequester C is also considerably reduced
(Hirano et al., 2007). As such, the increased rates of oxidation and reduced C sequestration of degraded
tropical peatlands can cause them to become overwhelming C sources (Couwenberg et al., 2010; Hirano
et al., 2012; Miettinen et al., 2017); oxidation of drained peats in Peninsular Malaysia, Sumatra and Bor-
neo has been estimated to have released “0.15 Pg-C-yr—!, or cumulatively, 2.50 Pg-C since 1990 (Miettinen
etal., 2017).

Significant amounts of C can also move out of peat swamp forests and degraded peatlands via
water flowing out of the peat dome. Moore et al. (2013) estimated that fluvial loss of total organic car-

bon (TOC) from intact peat swamp forest was 63 g-C-m~—2-yr—!

, whereas degraded peat swamp forest
lost significantly more (88—105 g-C-m~2-yr~!) with 7—9 % of the TOC made up of particulate organic
carbon (POC). At intact peat swamp forest this proportion was 2 % (Moore, 2011). Therefore, degraded

peat swamp forest was also losing considerably more dissolved organic carbon (DOC) than intact peat

swamp forest (where DOC equals TOC minus POC; Moore et al., 2013).

1.2 Riverine systems and their role in the carbon cycle

Rivers and streams used to be thought of as passive pipes that transported material from land to the sea;
“gutters down which flow the ruins of continents” (Leopold et al., 1964). It was also believed they were
net-autotrophic ecosystems where photosynthesis dominated heterotrophic metabolism, fixing more C
than was respired. It wasn’t until the 1990s that these assumptions were scrutinised, and completely
different systems proposed (Cole et al., 2007).

Riverine systems receive significant quantities of organic matter, inorganic nutrients and microbes

from their catchments as water moves through and over soils to their drainage rivers that occupy the
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low-lying regions of the catchment (Cuffney, 1988). This input of material acts to prime riverine sys-
tems, providing a food source for organisms to break down (McClain et al., 2003). The decomposition of
abundant organic matter means that most riverine systems are net-heterotrophic and produce significant
amounts of CO, (Hope et al., 1994; Cole et al., 2007; Battin et al., 2008; Battin et al., 2009; Raymond et al.,
2013). Due to their high capacity for breakdown of organic matter, rivers and streams can be considered
as ‘terrestrial digestive systems’.

As well as in-stream production of CO, via heterotrophic processes, dissolved CO, from soil res-
piration can also reach streams from the catchment via ground- and through-flows (Johnson et al., 2008).
Internal production and external delivery of CO, to rivers generally means they contain much higher
concentrations than the atmosphere, and are said to be ‘supersaturated” with respect to the atmosphere.
Streams can also be supersaturated with other dissolved gases, such as CH,, as is commonly the case
with peatland streams (Billett and Moore, 2008).

Supersaturation of dissolved gases means the concentration gradient is toward the atmosphere;
as such those dissolved gases will be much more easily emitted than absorbed. Further, if there is tur-
bulence at the water surface, this increases the likelihood that gases will be degassed from the water to
the air (Maclntyre et al., 1995). Turbulence can be caused by the wind at the water surface, but it is also
caused internally as the rivers flow; currents are produced by friction with the bank sides and channel
bottom making a physically complex, turbulent environment (Maclntyre et al., 1995). When turbulence
exists at the water surface, it promotes gas transfer to the atmosphere.

Globally, it is estimated that streams and rivers emit 1.8 Pg-C-yr~! whereas inland lakes and reser-
voirs emit 0.32 Pg C-yr~! despite the lakes and reservoirs occupying “5—times the land surface area
(Raymond et al., 2013). In this way, rivers are a significant part of the global C cycle and are a globally
significant source of greenhouse gases (Hope et al., 1994; Cole et al., 2007; Battin et al., 2008; Battin et al.,

2009).

1.3 Tropical blackwater streams and their high carbon loads

As rivers can be considered as emergent properties of catchment climate and geomorphology (cf. Sioli,

1975), peatland catchments dominated by organic soils produce ‘blackwater” streams and rivers. The
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waters are tea-coloured owing to comparatively high concentrations of aromatic DOC that derives from
plant tissues, which are also known as phenolic acids (Rydin and Jeglum, 2006; Schlesinger and Bern-
hardt, 2013). Phenolic acids can be sorbed by clay particles in rivers that drain mineral soils and this
clarifies the water and lowers the amount of DOC, however, in peatlands the underlying clays are es-
sentially isolated from the water column by a thick layer of organic soil thus the DOC can persist in the
water (St. John and Anderson, 1982). Blackwaters, like the organic soils they drain, are generally acidic,
nutrient poor (owing to the DOC sorbing inorganic nutrients), have low concentrations of dissolved
oxygen and have comparatively high concentrations of DOC (Meyer and Edwards, 1990; Alkhatib et al.,
2007; Rixen et al., 2008).

As stated above, channels draining peats are characteristically supersaturated with CO, and CH,
(Dinsmore et al., 2010; Raymond et al., 2013; Billett et al., 2015) and recent investigations have shown that
rivers draining peat swamp forests in Indonesia contain very high concentrations of DOC too (Baum et
al., 2007; Rixen et al., 2008; Moore et al., 2011; Huang et al., 2012; Moore et al., 2013). For example, the
Dumai River in Sumatra reached 5,050 umol-L™?, the highest reported river DOC concentration in the
world (Alkhatib et al., 2007); more than 10—times the world average of 450—479 pumol-DOC-L~! (Huang
et al., 2012).

Higher concentrations of DOC allow for a greater rate of breakdown and hence a greater potential
to emit CO,, but this is also dependent on nutrient and oxygen availability and, for example, biodegrad-
ing organisms. Further, as peatland catchments are relatively flat, the waters tend to flow comparatively
slowly, increasing the residence time of the water in the channel. This increases the potential for the DOC
to be broken down in-stream before it discharges to the ocean (Helton et al., 2015).

Very high CO, outgassing rates have been reported for Amazonian blackwater rivers and streams
(Richey et al., 2002; Mayorga et al., 2005) but data on Southeast Asian blackwater river and stream emis-
sions are scarce. This has been identified as a priority knowledge gap to fill if more accurate global
emissions estimates from riverine systems are to be made (Raymond et al., 2013).

The flow of C from one reservoir to another, e.g. from the water to the air, is described as a “flux’
and is presented as a change in amount, over a period of time. The fluxes described here will be the
net transfer of gases from the channels to the atmosphere. Current fluxes from tropical riverine systems

have been both measured and others estimated: Miiller et al. (2015) measured CO, fluxes of 5.5+2.6 and
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12.74+6.8 g-C-m~2.d~! for the Maludam River in Malaysia, while Aufdenkampe et al. (2011) estimated
2,720 g.Cm~2-yr~!, or 74 g:C-m~2-d~!. The fluxes in Aufdenkampe et al. (2011) were obtained using
medians from a synthesis of measurements and values reported in the literature, for dissolved gas con-
centrations and gas transfer velocities (a metric for water turbulence) specific to tropical streams and
rivers.

Southeast Asia contains 65 %, or 68.5 Pg, of tropical peatland C (Dargie et al., 2015), and hence
many streams and rivers draining the peats are C-dense blackwaters. Indonesian rivers alone are esti-
mated to deliver 8—10% of all TOC discharged to the sea, globally (Alkhatib et al., 2007; Baum et al.,
2007). Disturbance of river catchments is believed to have increased global TOC export from land to sea
by 1.0 Pg-C-yr—* since pre-industrial times (Regnier et al., 2013). In Indonesia, 45 % of the peat swamp
forests have already been lost (Hooijer et al., 2006) and this is likely to affect the nature of the C reaching
drainage networks, and also how much of the C is degraded and degassed in-channel (Lapierre et al.,
2013). Increased concentrations of DOC resulting from disturbance of catchments can cause streams to
emit more CO, (Lapierre et al., 2013).

Disturbance of peat swamp forest has been shown to alter the quantity and quality of DOC leaving
the land (Moore et al., 2013; Gandois et al., 2014). Moore et al. (2013) reported that the C being lost from
disturbed peat swamp forest was millennia-old. Carbon from degraded peat swamp forest has also been
shown to be more humified and resistant to biological breakdown (Moore et al., 2013; Evans et al., 2014;
Butman et al., 2015; Evans, 2015). It is possible, then, that peat swamp forest disturbance exacerbates
greenhouse gas emissions from peatland drainage networks and therefore it is important to ascertain the
natural, background greenhouse gas flux in order to compare it to that measured from disturbed peat
swamp forest.

The best place to measure quantitative and qualitative differences in TOC flux and greenhouse
gas emissions from intact and degraded peat swamp forests, is where streams immediately drain these
respective land classes, i.e. at the headwaters’ (the upstream sections of a riverine system that directly
drain higher subcatchments). Headwaters make up the greatest proportion of channel area, have the
highest concentrations of dissolved gases and the highest fluxes of gases per unit area (Koprivnjak et al.,
2010; Aufdenkampe et al., 2011; Butman and Raymond, 2011). In intact systems, headwaters have been

shown to have more recent, labile —and therefore more bioavailable— DOC that is more easily broken
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down which could increase CO, emissions (Mayorga et al., 2005).

Although headwaters are usually considered natural tributaries, for the purposes of this study
man-made channels draining the peat swamp forest will also be referred to as headwaters; they are al-
ready known to have high concentrations of DOC, and like other tropical headwaters likely have high
concentrations of dissolved gases.

To date no study has investigated greenhouse gas fluxes from intact and degraded peat swamp
forest headwaters. This study sets out to address this knowledge gap with a focus on fluxes of CO, and
CH,. Although nitrous oxide (N,O) is also a potent greenhouse gas, it has been found to have a very
small (0—2 %) contribution to the total CO,-equivalent flux in a study of channels draining degraded
tropical peatlands that investigated the cumulative flux of CO,, CH, and N,O (Jauhiainen and Silven-

noinen, 2012).

1.4 Dissolved CO; and CH, and their sources in peat channels

1.4.1 Sources of dissolved CO, in channels

The dissolved CO, present in channels can originate from surrounding catchment soils or in-stream (see
Fig. [L.5). CO, that derives from soil respiration can be picked up from the surrounding catchment by
dissolving in water that is flowing over and through the soil to the river. CO, is produced in-stream
by a variety of pathways. Firstly, it may arise from dissolved inorganic carbon (DIC); depending on the
alkalinity of the water CO, may react to form carbonic acid (H,CO3), bicarbonate (HCO;") and carbonate

(CO,4%*) as in the following reactions:

CO, () + HyO == H,COy,, (1.1)
H,COy,,) == H' + HCO;~ (1.2)
H' + HCO;~ == 2H" + CO,*~ (1.3)

As pH increases, the chemical equilibria move from Eqn. 1.1 to Eqn. 1.3. At pH < 4.3 CO; dominates
DIC as a dissolved gas (Schlesinger and Bernhardt, 2013). As the pH increases it reacts with H,O to form
H,COj; gradually being converted to HCO;~ which is the predominant species between pH 6.4 and pH

10.2. CO4* then dominates in the higher pH ranges (Manahan, 2010; see Fig. . DIC is the sum of
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inorganic C that was or could become CO,:
DIC = } " [CO40q)] + [HCO, 7] + [CO5*7) (1.4)

where [COzfaq)] constitutes the sum of dissolved CO; and HoCO3. As reported pH values of Indonesian
peat channels are lower than pH 4.3 (Moore, 2011) it can be assumed that most DIC exists as CO,, as was

demonstrated by Huang et al. (2012).

Overland flow:
Microbes
Inorganic nutrients
DOC, DIC*, CO,, CH,
Through flow:
Microbes
Inorganic nutrients
DOC, DIC*, CO,, CH,

MOB:s (oxic zone)

Methanogens Geochemical weathering
(anoxic zone) (anoxic zone)

Figure 1.5: Diagram showing the processes by which CO, and CH, originate in supersaturated streams and channels that drain

peats. These processes are described in Sections 1.4.1 and 1.4.2.

Secondly, CO, can result from active or passive degradation of DOC whereby the most dominant pro-
cesses are likely to be biodegradation and photodegradation (Schlesinger and Bernhardt, 2013): microbes
use O, to break down DOC during respiration, and; photosensitive DOC which has free electrons that
can be excited by sunlight can react with dissolved O,.

The oxic zone of the stream bed may produce CO, by normal aerobic reactions, including methane-
oxidising bacteria that break down CH, to produce CO,. Historic CO, has also been shown to be released

via geochemical weathering from deep within the peat profile (Billett et al., 2007, 2012).
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Figure 1.6: Diagram demonstrating DIC species dynamics at a range of pH values. Blackwater stream pH is typically <4 and so

CO, dominates DIC (Source: Goldenfum, 2011).

1.4.2 Sources of dissolved CH, in channels

Methane is a potent greenhouse gas that is considered to have a 100-year global warming potential of
32 as a single pulse, and a sustained-flux global warming potential of 45, with respect to COs; therefore,
one mole of CH, has the warming potential of 32—45 moles of CO, (Neubauer and Megonigal, 2015).

In channels, CH, is produced by anaerobic respiration in anoxic sediments where methanogenic
microbes use C as a terminal electron acceptor. The best known pathways use acetic acid (CH;COOH)
or CO, as terminal electron acceptors, and are respectively known as acetoclastic and hydrogenotrophic

methanogenesis (Schlesinger and Bernhardt, 2013):

CO, +4H, — CH, +2H,0 (1.5)

CH,COOH — CH, + CO, (1.6)

Few studies have been conducted on the dominant methanogenic pathway in tropical peatlands, but
like their acidic and nutrient-poor equivalents in the temperate zone, findings currently indicate that it
is hydrogenotrophic (Inubushi et al., 2005; Holmes et al., 2015).

Methane is less soluble in water than CO, and CH, bubbles can form in the sediment. Disturbance
of the sediment or a low hydrostatic pressure may cause the bubbles to release into the water column
(Maclntyre et al., 1995). But because poorly dissolves, those bubbles may reach the surface and release
CH, directly to the atmosphere, this is known as ‘ebullition’. The low solubility of CH, can also make it

more sensitive to water turbulence, with respect to CO,; turbulence is more likely to cause CH, to come
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out of solution and be emitted (MacIntyre et al., 1995).

Methane can also enter the stream by lateral flows (overland and through-flows) from the sur-
rounding catchment. Arrival of CH, by lateral flow is made more possible in tropical peats than north-
ern peats, due to the former’s higher permeability (or hydraulic conductivity; Baird et al., 2017; Hoyt et
al., 2017). Methane arriving in lateral flows could originate from anoxic peats producing the CH, by the
above-mentioned methanogenic pathways.

Methane can be readily oxidised into CO, (and H,O).

1.4.3 Plant-mediated production and transport of CH,

Some plants, particularly those in wetland habitats, possess aerenchyma in their roots, stems and leaves.
Aerenchyma are air-filled channels that allow plants exchange gases between the soil and the atmo-
sphere. They allow the oxygenation of roots in waterlogged conditions, and also provide a pathway for
gases to escape that have built up in the soil, some of which may be toxic to the plant (MacIntyre et al.,
1995; Schlesinger and Bernhardt, 2013).

Aerenchymatous plants in wetland ecosystems can play a fundamental role in the CH, cycle of
a catchment, and therefore the abundance of CH, in the channels that might be transported from the
catchment. Such plants can a) promote methanogenesis, b) facilitate O, transport from the atmosphere
to the peat, promoting CH, oxidation, and c) facilitate transport of CH, from the peat to the atmosphere.
These processes will be discussed in later chapters. In all cases the rooting zone, or ‘rhizosphere’ is of
fundamental importance as gases and compounds move between the plant and the soil via the roots
(Megonigal and Day, 1992; Kozlowski, 1997).

Jackson et al. (1996) conducted a meta-analysis of root depths in different terrestrial biomes around
the world. A primary finding was that root biomass dropped exponentially with depth; 30 % of roots
were found in the top 10 cm of soil, a further 20 % in the next 10 cm, and 25 % between 20—40 cm depth.
Five of the biomes were forest ecosystems and it was reported that 69 % of roots are found in the top 30
cm of soil in tropical evergreen forests (see Table [1.3). The studies did not include southeast Asian PSF,
but this forest would be classed as ‘tropical evergreen’. Root biomass per unit area was the highest of
the forest biomes in the study of Jackson et al., and this reflects the habit of PSF plants that employ dense

root mats near the surface to scavenge metabolites from the otherwise nutrient poor and often waterl
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Table 1.3: Root biomass distribution and density in various forest biomes around the world. This table reproduces data reported
by Jackson et al. (1996) in a synthesis of global rooting depths across the world’s main biomes. The numbers of references used to

determine the root biomass of the biomes are also provided.

Forest biome Root biomass in upper 30 cm (%)  Root biomass (kg-m™ 2)  Number of references
Boreal 83 2.9 4
Temperate coniferous 52 4.4 8
Temperate deciduous 65 42 7
Tropical deciduous 70 41 3
Tropical evergreen 69 49 9

ogged peats (Yule, 2010).

Sulistyanto, 2005 investigated root density in an intact PSF and reported that 551 g-m 3 (up to 83
%) of roots were found in the top 25 cm of the peat, nearly 5—times that of the next 25 cm of peat (112
g:m~3). This finding indicates that the decline of root biomass with depth may be more rapid than in a
typical tropical evergreen forest.

There are no data on rooting depths for degraded PSF, but the catchments are much less vegetated
than intact PSF and display a much reduced diversity of flora (Moore, 2011). The vegetative commu-
nity of degraded PSF typically consists of grasses and ferns, but if the land is degraded to the extent
that it regularly floods, little can survive apart from the palm-like Pandanus. The reduced quantity and
diversity of vegetation in degraded PSF likely impacts the cycling of CH, by the processes described

above.

1.5 El Nifio and its effects on CO; and CHj, in tropical peatlands

The EI Nifio—Southern Oscillation (ENSO) is a natural phenomenon associated with temperature and
precipitation anomalies in the tropics. These anomalies drive the climatic extremes that occur in the
tropics over years and decades, and, on land, are associated with droughts and heatwaves, or floods and
periods of cold (Cai et al., 2014; [iménez-Mufioz et al., 2016; L'Heureux et al., 2017; Pandey et al., 2017).
ENSO oscillates between two states, El Nifio and La Nifia, and these states affect different areas of the
Pacific Basin differently. For Indonesia (and other countries along the western edge of the Pacific Basin),
generally, El Nifio is characterised by anomalously warm and dry weather, and La Nifia by anomalously

cool and wet conditions (Harger, 1995). These anomalous conditions result from above or below average
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sea surface temperatures affecting the circulation of trade winds and the temperature and humidity of
the air they carry (Wolter and Timlin, 2011; L’'Heureux et al., 2017).

Over time scales of a year, or years, a peatland may function as a net-C sink, despite the dry pe-
riods during which oxidation can occur. However, events such as El Nifio in Indonesia induces rainfall
anomalies whereby protracted periods of dryness lead to greater water table drawdown (Harger, 1995;
Keil et al., 2008). The longer the periods of water table drawdown, the greater the potential for C loss by
e.g. oxidation. Prolonged and more extreme dry seasons caused by El Nifio can result in tropical peat-
lands losing more C than they accumulate and they can become a C source (Wang et al., 2014; Pandey et
al., 2017; Zhu et al., 2017).

It has been predicted that the size of the terrestrial C sink in the tropics will shrink as a result of
increasing temperatures and frequency of droughts (Wang et al., 2014), i.e. tropical peatlands will have
a higher potential to become C sources. This potential will likely become greater as the frequency of El
Nifio events has been predicted to increase (Cai et al., 2014).

The strength of an El Nifio (or La Nifia) can be measured using the Multivariate ENSO Index,
which is based on the departure from a standardised mean from a group of indices, including sea sur-
face temperature, near-surface air temperature, sea level pressure, etc., measured in standard deviations
(Wolter and Timlin, 2011). There have been three strong El Nifio events since the satellite technology has
existed to measure large-scale environmental parameters such as sea surface temperatures. These three
strong ENSOs typically lasted about a year and occurred in 1982-83, 1997-98 and 2015-16 (L'Heureux et
al., 2017; see . Each of these El Nifio events was characterised by a suite of environmental indices

nearly reaching —or exceeding— 2.5 standard deviations from a standardised mean.
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Figure 1.7: Monitoring of the El Nifio—Southern Oscillation (ENSO) began in the mid-20t" century. El Nifio events are shown in
red and La Nifia events in blue. The three strongest El Nifios, since records began, occurred in 1982-83, 1997-98 and 2015-16 when
the standardised departure reached or exceeded 2.5 standard deviations from the long-term mean. Source: Earth Systems Research

Laboratory, NOAA.

The occurrences of El Nifio events have been followed by jumps in the concentration of atmospheric CO,
(Keeling et al., 1995; Jones et al., 2001); and following the El Nifio of 2015, a record rise in atmospheric
CO, was observed. The rise was linked to droughts in tropical countries during the El Nifio (Betts et al.,
2016). The droughts reduced the rate of uptake of C by plants (exacerbated by the death of trees) and
increase losses of C by fire.

Interannual variation of CH, emissions from tropical wetlands has been shown to be more depen-
dent on precipitation, rather than temperature, which is the primary environmental driver in temperate
regions (Turetsky et al., 2014). Further, CH, emissions have been found to be highest during wet La Nifia
years (Pandey et al., 2017). Due to this coupling of CH, emissions with precipitation and water table
depth, El Nifio should also produce a response due to drought whereby CH, emissions would reduce.

Indonesian peatlands have been shown to be particularly vulnerable to C loss during El Nifio
events. Fires during the 1997-98 and 2015-16 El Nifio events were estimated to have respectively re-
leased 0.86 and 0.23+0.07 Pg of previously stored C to the atmosphere, in fire seasons of 3—4 months
duration (Page et al., 2002; Field et al., 2016; Huijnen et al., 2016). Ongoing peat oxidation further in-
creases the total C lost (Miettinen et al., 2017) to the extent that annual C loss from these comparatively
small land areas are of the same order of magnitude as global anthropogenic fossil fuel emissions in the
same year (Huijnen et al., 2016). There have not yet been any studies of the effects of El Nifio on C loss
from channels draining peat swamp forest.

Studies of the effects of El Nifio on fluvial systems are scarce, but El Nifio has been found to im-
pact stream discharge rates and DOC delivery to temperate and sub-tropical streams (Molles and Dahm,
1990; Hudson et al., 2003) and a tropical river in Brazil (Depetris and Kempe, 1990). Changes to discharge
rates and DOC delivery should be expected to affect emissions of CO, and CH, from fluvial systems, as
discharge rates suggest a change to water flow velocity and turbulence, and DOC provides one of the
sources for CO, production For example, the study of the Parana River in Brazil found that an El Nifio

caused a considerable increase in precipitation and a once-in-a-century flood. During the flood DOC
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concentrations increased 100—200 %, and the DOC was more refractory than during the pre-El Nifio
period. Changes to dissolved CO, in the river coincided with increased DOC delivery and reduced dis-
charge, however, emissions of CO, were not studied (Depetris and Kempe, 1990).

In Indonesia, El Nifio would be expected to cause drought rather than flooding, therefore the C
loss from channels would be expected to be different from the study of Depetris and Kempe (1990); car-
bon cycling may respond to lower water tables, rather than inundation. Measuring dissolved concentra-
tions and channel emissions of CO, and CH, during an EI Nifio have the potential to better understand

changes to C cycling in the surrounding peats due to drought (Worral et al., 2005).

1.6 Thesis aims

Tropical peat swamp forest is an ecosystem that is comparatively small in terms of land area, but has a
significant role in terms of the global C cycle; it naturally contributes a major portion of total TOC to the
oceans, acts as a terrestrial sink for atmospheric CO, and is a major source of atmospheric CH,. Peat
swamp forest is under threat from large-scale land-use change, which often involves deforestation and
drainage. Deforestation and drainage (i.e. peatland degradation) has been shown to significantly perturb
the way in which C is cycled in peat swamp forests, and in a way that has an impact on the global C cycle
and global warming (Freeman et al., 2001; Betts et al., 2016; Huijnen et al., 2016).

Peat swamp forest C cycling is coupled to water table depth, which changes with the seasons. Fur-
ther, anthropogenic degradation is known to interfere with the natural hydrology of peat swamp forest
whereby land-use change can cause a significant drop in the peatland water table with respect to intact
analogues. Few studies exist that have directly compared, simultaneously in wet and dry seasons, intact
and degraded peat swamp forest in bottom-up, process-level investigations of C cycling.

The tropics are thought to produce nearly 80 % of the global riverine CO, flux to the atmosphere
(Lauwerwald et al., 2015). Many global-scale studies exclude small streams and rivers due to a scarcity
of data (Raymond et al., 2013; Wit et al., 2015) even though smaller fluvial systems tend to dominate
aquatic surface in a catchment by area. Further, the smallest of the channels, i.e. headwaters, can dom-
inate greenhouse gas emissions in a catchment by unit area (Richey et al., 2002; Mayorga et al., 2005;

Billett et al., 2013). The large fluxes are hypothesised to result from the higher dissolved gas and DOC
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concentrations that predominate in headwaters, with respect to the rest of the downstream riverine sys-
tem.

To date, virtually all studies of greenhouse gas and DOC fluxes by lotic systems draining PSF have
focussed on rivers and estuaries (e.g. Alkhatib et al., 2007; Baum et al., 2007; Rixen et al., 2008; Wit et al.,
2013; Miiller et al., 2015). Only two studies have investigated headwater channels: Moore et al. (2013)
reported DOC fluxes from channels draining intact and degraded PSF in wet and dry seasons; and Jauhi-
ainen and Silvennonen (2012) reported CO,, CH, and N, O fluxes from channels draining degraded PSF
(also in wet and dry seasons). Moore et al. (2013) found that channels draining these PSF land use types
were major loss pathways for POC and DOC, and the quantity and quality of DOC was significantly
different between them, indicating there may be a difference in the quantities of greenhouse gases that
may be emitted by the channels. But as Moore et al. did not investigate gas fluxes from PSF channels, the
study by Jauhiainen and Silvennonen is the only study that reports greenhouse gas fluxes from channels
draining PSF. However, the study of Jauhiainen and Silvennonen only investigated channels in catch-
ments that had undergone major disturbance. This thesis therefore reports the first measurements of
greenhouse gas fluxes in intact PSF, and is also the first study to explore the differences in channel green-
house gas fluxes between intact and degraded PSF. This study will therefore contribute significantly to
the existing literature on the effect of PSF disturbance on greenhouse gas emissions.

Raymond et al. (2013) estimated that rivers and streams emit 1.8 Pg-C-yr~!, globally. This estimate
was one of the highest in the literature, but it included upscaled estimates from the few data available
for streams and rivers in southeast Asia, which contributed a significant proportion to the global total.
However, Raymond et al. acknowledged that more studies in southeast Asia were needed in order to
better constrain a global estimate, and further that studies of southeast Asian streams and rivers were a
research priority.

More recent studies of greenhouse gas emissions from southeast Asian streams and rivers sug-
gest that fluxes are much more moderate than those estimated by Raymond et al. (Wit et al., 2015), and
therefore their global estimate is a significant overestimation. This thesis, therefore, also presents scarce
data that can allow the freshwater greenhouse gas flux community make better estimates of gas fluxes
in streams both in southeast Asia, providing data on headwaters that may dominate catchment fluxes.

Given the supposed importance of southeast Asian riverine systems for total riverine greenhouse gas
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emissions by Raymond et al., these data are critical for making more accurate estimates of global CO,
and CH, emissions from freshwater ecosystems.

The primary aims of this thesis are to: a) report fluxes of CO, and CH, from channels draining
intact PSF, which are not yet reported in the literature; b) compare fluxes of CO, and ceCH4 with de-
graded PSF, filling a gap in the knowledge pertaining to the change in C-cycling and greenhouse gas
emissions that results from degradation of PSF; c) to present data that promote understanding of the
drivers of those greenhouse gas fluxes, between wet and dry seasons and between land classes; and d)
report on the effects of the 2015 El Nifio event on channel greenhouse gas emissions. The latter aim was
not originally planned as an investigation, but as the event occurred in the first year of sampling it was
decided to create a study of it and compare it to a non-El Nifio year (2016). These data are particularly
novel as severe El Nifio events are not frequent and are difficult to predict. No ‘bottom-up” studies report
the effects of an El Nifio on greenhouse gas fluxes from channels draining PSF.

Specific hypotheses will be presented in each data chapter, except for Chapter 5 which investigates
the El Nifio event: as a severe El Nifio is a rare event whereby so little data concerning its effects exists
regarding bottom-up C-cycling and greenhouse gas fluxes, hypotheses were not formulated. Chapter
5 therefore represents a rare, on-the-ground observation of the El Nifio event and its impacts on green-
house gas emissions from the channels.

Chapter 2 (Materials and Methods) will present the main study sites, their locations, and char-
acteristics. A rationale will be provided pertaining to the use of floating chambers as a measurement
technique, this technique forming the basis of the study. Further, it will present the general methods
employed for obtaining the diffusive fluxes of CO, and CH, from the channels, including all field, labo-
ratory and data analyses that were common to each investigation in this thesis.

The first two data chapters (Chapters 3 and 4) directly compare, respectively, CO, and CH, emis-
sions, from channels draining intact and degraded peat swamp forest. These gases are the most impor-
tant anthropogenic greenhouse gases with CO, currently the most important in terms of global climate
change, and CH,, which is expected to overtake CO, in its importance later this century. Terrestrial emis-
sions of CO, and CH, from peat swamp forest behave differently with respect to the water table; i.e. a
low water table typically results in higher CO, emissions and lower CH, emissions, and vice versa. For

this reason, the gases are dealt with in separate chapters which respectively establish the baseline differ-
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ences in CO, and CH, emissions from the channels, in intact and degraded peat swamp forest. These
chapters constitute the first studies of the emissions of the two most important greenhouse gases, from
channels draining intact and degraded PSE.

The third data chapter (Chapter 5) will look at the effect that the 2015 El Nifio had on emissions
of CO, and CH, from channels draining intact and degraded peat swamp forest. This chapter therefore
presents the effects of an extremely dry episode with respect to more climatically-normal years, and how
peat swamp forest responds to such events in terms of the CO, and CH, emitted from channels.

Finally, Chapter 6 (Thesis Synthesis), synthesises and summarises the findings of the land-use
change comparison (intact/degraded) and the investigation of the 2015 El Nifio event; both are shown
to have an impact on peat swamp forest hydrology and channel emissions of CO, and CH,, and there-
fore offer further insights into how C cycling changes as a result of peatland degradation and drought.
These findings will be put into the context of —and will be synthesised with— existing knowledge about
the behaviour of the peatland C cycle, and the implications for the global C cycle. Chapter 6 also makes

suggestions for further relevant investigations.
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Chapter 2

Materials and Methods

2.1 Introduction

This chapter introduces the geography and climate of the region in which the investigations were carried
out. It will cover the study sites and their locations, general character, recent disturbance histories, and
the sampling locations. Spatial and temporal sampling strategies will also be presented.

This thesis involves determining water-atmosphere fluxes of CO, and CH,, and the physical prop-
erties of the environment that might affect these fluxes. The general methods commonly used for each
of the investigations in this thesis will be described, including equipment construction, measurement of
fluxes, sample collection and analyses, and the calculations and statistical analyses used.

Materials and methods specific to certain chapters will be found in the Materials and Methods

sections of their respective chapters.

2.2 Study region, field sites and sampling strategy

2.21 Study region
Site selection

The study required areas of intact and degraded tropical peat swamp forest to be in close proximity. The
province of Central Kalimantan, located in Indonesian Borneo (see Fig. [2.1), has large expanses of both

intact and degraded peat swamp forest adjacent to each other, separated by the Sabangau River (see Fig.
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2.2). In Southeast Asia, tropical peatlands typically form as domes that have greater peat thickness in
the middle and which slope gently down towards their edges (Page et al., 1999). Whilst peat swamp for-
est previously covered large areas of the coastal and sub-coastal lowlands of Central Kalimantan, many
hundreds of thousands of hectares have been deforested and drained (degraded) in the province since
the 1990s (Rais and Ichsan, 2008; Koh et al., 2011).

The most significant project that involved the degradation of peat swamp forest in the province
was the designation of 1.1 Mha of peat swamp forest east of the Sabangau River to be turned over to rice
agriculture. This ambitious project, the Mega Rice Project, led to deforestation and peatland drainage
in the latter half of the 1990s. However, the project ultimately failed, as a result of poor planning and
excessive drainage, and was halted at the end of the 1990s and the land abandoned (Boehm and Siegert,
2001). In this thesis, this deforested and drained area will be referred to as the ‘degraded land class’
where all the study sites representative of degraded peat swamp forest were located.

To the west of the Sabangau River is the Sabangau National Park, a 0.57 Mha expanse of peat
swamp forest that is now classified as a protected area, having been subjected to a period of selective
logging followed by illegal logging during the 1990s and early 2000s (Gaveau et al., 2013). As a re-
sult of designation of the Sabangau National Park and the work of the Borneo Nature Foundation in
collaboration with CIMTROP (University of Palangkaraya), the Sabangau peat swamp forest has had
strengthened protection since 2004, such that illegal incursions are now minimal. The Sabangau forest
covers a large peat dome between the rivers Sabangau, to the east, and the Katigan, to the west. The peat
is domed, with a maximum recorded depth approaching 13 m (Page et al., 1999). There is a series of for-
est sub-types from the edge to the centre of the peat dome and the peat surface consists of a continuum
of hummocks and hollows. Water drains off the dome as run-off overland or through the upper part of
the peat column (Page et al., 1999; Baird et al., 2017). For the purposes of this thesis, this area is regarded
as the “intact land class’, in which the sites representing intact peat swamp forest were located.

Having degraded peat swamp forest in such close proximity to a near-natural analogue has led
to numerous studies being conducted to investigate the effects of disturbance and degradation of peat
swamp forest in this area, which include investigations into changes in carbon cycling and balance (e.g.
Jauhiainen et al., 2008; Hirano et al., 2012; Moore et al., 2013).

Importantly, both the intact and degraded land classes have drainage channels. These channels
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are not a natural feature of the peat swamp forest and were created for different reasons: the small, nar-
row channels at the intact site were dug by illegal loggers for extraction of timber to the river and did
not significantly impact the water table of the forest. In contrast, to the east of the Sabangau river, in the
former Mega Rice Project area, the channels were constructed to drain the land and control the water
table (Moore, 2011). The project was abandoned prior to the implementation of effective water table
management thus this area of peatland has uncontrolled drainage. Channels in both locations allowed

for gas flux and water chemistry measurements to be compared between two contrasting land use types.

Figure 2.1: The island of Borneo is made up of the kingdom of Brunei and the Malaysian provinces of Sarawak and Sabah in the
north (highlighted in pink), and the four Indonesian provinces of Kalimantan in the southern part of the island. The study sites
were in Central Kalimantan (Kalimantan Tengah), two degrees south of the equator, indicated by the red star. The equator passes

through Kalimantan and is indicated by the red line (Source: LandsatLook Viewer, 2013).

Catchment character

At the current time, there is 4.0 Mha of peat swamp forest in Borneo, mostly located in the low-lying
coastal areas, and with a large proportion of this in the province of Central Kalimantan (Wulffraat et
al., 2017). These coastal areas are very flat and have been conducive to the development of peat swamp

forest since sea level dropped 26k years ago (Page et al., 2004). Several rivers flow approximately north
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to south in the region, discharging into the Java Sea. Investigations reported in this thesis took place at

sites located between the Sabangau and Kahayan rivers.
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Figure 2.2: Map of the study region near the provincial city of Palangkaraya. The map is a Landsat false colour image where green
shows intact, forested areas and violet indicates degraded regions. The intact area is mostly to the west of the Sabangau River, and
the degraded area to the east. Intact and degraded channels used in the study are respectively coloured green and yellow. The
intact sites flow from the Sabangau National Park and discharge into the blackwater Sabangau River. One degraded study site,
Kalampangan, discharges into the Sabangau River. The other degraded sites disharge into the whitewater Kahayan River. The

Trans-Kalimantan Highway approximately marks the Sabangau-Kahayan catchment boundary.

The Sabangau catchment is dominated by peat soils and is drained by the Sabangau River, a blackwater
river with high concentrations of DOC (Moore et al., 2011). The Kahayan is the longest river in Central
Kalimantan ("600 km) and the catchment is comprised of both peat and mineral soils, in the lowland and
upland areas, respectively. Clays transported in the river from the upland catchment area are sufficient
to sorb most DOC exported from the lowland peatlands and, therefore, the Kahayan River has the char-
acter and chemistry of a typical muddy, tropical whitewater (Haraguchi et al., 2007). The blackwater
Sabangau and whitewater Kahayan are therefore geochemically distinct; apart from the Sabangau River
having a much higher concentration of DOC, it has a lower pH and less dissolved oxygen than the Ka-

hayan (Haraguchi et al., 2007).
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There is a very gradual rise in catchment elevation from the sea to the headwaters of the Saban-
gau; Kya, the source of the 176 km Sabangau River is just 12 m above sea level (Haraguchi et al., 2007;
Page et al., 2009b). The 200 km downstream portion of the Kahayan runs through similarly low-lying
land (Haraguchi et al., 2007). As the rise in elevation from the sea is very gradual (the Sabangau River
rises on average only 1 m in 12.5 km), ocean tides can have a significant effect on the rivers: at low tides
the rivers can drain freely into the sea, but at high tides can cause the water level to rise significantly
along the river length with sea water infiltrating significant distances upstream, a phenomenon known
as ‘tidal reach’. The blackwater Sabangau, for instance, has very little naturally occurring chloride, but
this ion has been detected 100 km upriver during tidal reach (Haraguchi et al., 2007).

As the study channels drain directly into the Sabangau and Kahayan Rivers, the channel waters
can also be affected by tidal reach. Sea water does not reach as far as the study sites, but the rise in water
depth causes river water to invade up the channels as was frequently encountered during sampling.

For the Sabangau River this makes no relevant difference as its blackwater geochemistry is no dif-
ferent to that of the channels. When the Kayahan’s white waters are pushed up peat draining blackwater
channels, the DOC can be sorbed by clay particles, and measurements revealed and increase in both pH
and dissolved oxygen concentrations during this time. As the degraded channels all drained into the
Kahayan River they could be affected by water chemistry changes due to tidal reach pushing non peat-
derived waters up their lengths. The fluxes could have been impacted by a change in water chemistry,
so to avoid potential complications in interpreting flux data from peat-draining channels, sampling and
flux measurements were only conducted when the water was flowing from the peat channels to the river,

and not the other way around.

Regional climate

Central Kalimantan is situated in the intertropical convergence zone, two degrees south of the equa-
tor. At this latitude there is comparatively little variation in day length or average daily temperatures
throughout the year. It has a tropical monsoon climate which is hot and humid with daily temperatures
averaging 26.7 °C throughout the year and relative humidity rarely dropping below 60% (Page et al.,
2004; Evans et al., 2014).

The year consists of two seasons; a longer wet season that is typically 9 months-long between
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October and May, and a shorter dry season of 3 months, typically between July and September. Mean
average rainfall for the area is 2,700 mm-yr—! (Page et al., 2004). Rainfall is highest at the peak of the wet
season between November and January ("350 mm per month) and lowest between July and September

(75—100 mm per month; Hooijer et al., 2008; see Fig. [2.3).
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Figure 2.3: Monthly rainfall in Central Kalimantan averaged from data for 1984—2006 (figure adapted from Moore et al., 2011).
The wet season months have a blue background. The dry season months, when evapotranspiration exceeds rainfall, have a red
background. For half the year, precipitation is near or over 300 mm per month.

Water is constantly flowing down the gradient of the peat domes and out to the rivers that drain them
(Baird et al., 2017). During the wet season, regular rainfall maintains high water levels in the peat,
channels and rivers. In the peak months of the wet season, the water table is at or near the peat surface
and the intact land class takes on an inundated, swamp-like character.

At the degraded land class during the wet season, the water table can be decimetres below the
peat surface nearer the middle of the peat dome, but at the dome periphery, the peat adjacent to drainage
rivers can become inundated as water rises above the peat surface to form an extensive floodplain. The
investigations in this thesis were located in areas adjacent to rivers.

As the wet season transitions to the dry season, rainfall becomes less frequent. As tropical peat
domes are reliant on rainfall for water input, and water is always moving out of the peat dome, dry

season months are typified by water export exceeding water input and water levels drop; Hooijer et al.
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(2008) defined the dry season as evapotranspiration exceeding precipitation. The amount the water table
can drop in tropical peatlands depends largely on the depth of the channels draining them (Baird et al.,
2017), therefore the water table drops less in intact peat swamp forest than degraded peat swamp forest,
and the water table amplitude is also less in intact than degraded peat swamp forest (Takahashi et al.,
2003; Hooijer et al., 2008).

The region is also subject to the effects of El Nifio and La Nifia which can both affect precipitation

and water table depths, as described for Indonesia as a whole in Chapter 1.

2.2.2 Site descriptions
The intact land class channels

The Sabangau National Park (henceforth, Sabangau Forest) is enclosed by the Katingan and Sabangau
Rivers to the west and east, respectively. It does have a history of moderate human disturbance and
selective logging, but that has not compromised the natural hydrological functioning of the peat dome,
and therefore it maintains a peat swamp forest vegetation and soil carbon store (Gaveau et al., 2013;
Moore et al., 2013). As these functions are maintained the peat swamp forest is considered to be intact,

rather than pristine or degraded.
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Figure 2.4: The channels in the Sabangau Forest were originally dug to remove harvested timber from the forest. Their dimensions
are uniform; rarely more than 2 m wide and 1 m deep, being sufficient to extract logs. The channels have not been used since

logging ceased in 2003 /04.

The loggers dug channels in the peat to float timber out of the forest when water levels were high enough,
and are not a natural feature of peat swamp forest (see Fig. 2.4). The logging channels are fairly uniform
in their dimensions; "1 m deep and typically not exceeding 2 m wide (see Fig. 2.7} Page et al., 2009b;
Moore, 2011). The channels are irregularly sinuous (as they were dug to avoid large tree roots) and are
dendritic in nature as they penetrate through the forest towards the centre of the peat dome. Water flows
from the centre of the Sabangau Forest peat dome and eventually discharges into either the Katingan
River to the west or the Sabangau River to the east.

The three channels used in this study all discharge into the Sabangau River (see Fig. 2.2]and Table

and were used by Moore et al. (2013) in an investigation into DOC export from peat swamp forest.
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The lengths of these channels were reported in Moore (2011) and Moore et al. (2013) as being 10—12
km-long, however, these lengths are incorrect and updated lengths have been provided in Table

Seasonal variability in rainfall affects water depth and discharge in the channels. 12 months of
Table 2.1: GPS coordinates of the intact canals at the point at which they exit the forest. LAHG Designation and Local Name
correspond to the names of the channels used respectively by the field station and conservation teams and local people. Their

lengths are measured from the forest edge, inward towards the centre of the peat dome (data provided by the Borneo Nature

Foundation). The river into which they discharge, and the Site Code used for data analyses and discussion of the findings are

provided.
LAHG Designation ~ Local Name  Latitude Longitude Length (m)  River Site Code
A Erman 2°18494”S  113°54'109”E 1,640 Sabangau  SABI1
D Udang 2°18'448”S  113°54’0.6”E 2,603 Sabangau  SAB2
1 Adun 2°18'21.0”S  113°53'255"E 2,941 Sabangau  SAB3

discharge data between June 2008-2009 showed that the forest catchment in this study discharged 0.9 x
10° m3-km~2-yr~!, most of this during the wet season. As this was considerably less than rainfall input
into the catchment (2,744 mm during the measurement period) it indicated that water predominantly left
the forest by evapotranspiration (Moore, 2011). However, if Moore (2011) significantly overestimated the
lengths of the channels, the size of the catchment those channels drain may also be overestimated.

In the wet season the channels at the intact land class can overtop their banks and form a more
continuous though hummocky swamp, although water flow is maintained. Flow is faster when the water
table is rising or falling during transitions between wet and dry seasons, but is slower or virtually halted
at the peaks of the seasons. In the dry season the upstream portions of the channels dry up typically to
within "1 km of the forest edge (Moore, 2011). As such, sampling was focussed along the kilometre of
channels adjacent to the forest edge so that wet and dry season data could be obtained and compared.

In extremely dry periods, such as during El Nifio events, the channels can dry up completely
(Moore, 2011), firstly forming chains of discontinuous pools due to the irregular nature of the channel

bottom, but at the peak of the dry period no open water may be present.

The degraded land class channels

The degraded land class is located in part of the abandoned Mega Rice Project area. The Mega Rice

Project area was designated into five blocks, ‘A’ through to ‘E” where a total of 1.12 Mha of peat swamp
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forest was deforested and 4,470 km of drainage channels dug in the peat to drain it. Insufficient hydro-
logical planning for the project meant that the area was drained excessively rendering the soils unsuitable
for rice cultivation, and the project was abandoned. The channels in this study were located in Block ‘C’
which is the largest of the blocks at 0.57 Mha (Rais and Ichsan, 2008).

Although the Mega Rice Project was abandoned, the channels were useful to local people (mostly
the Dayak that consider themselves fisherpeople) as they provided access for their boats to reach the
rivers that the channels drain into. Many of the channels in Block C have villages adjacent to them so
that the inhabitants have easy access to fisheries. The channels are also used for sanitation.

The villages also utilise the abandoned land, for example, for cultivation of crops (such as oil
palm), animal husbandry and construction of ‘swift houses’ to provide swift nests, which are considered
a culinary delicacy in Asia. Often, the land needs to be cleared of forest debris or regrowth, and so the
land has been regularly burned in the dry season.

The non-cultivated vegetation typically consists of pioneer species that tend to dominate follow-
ing recent disturbance of peat swamp forest; mainly low-growing ferns, sedges and grasses. Maximum
recorded peat depth in this area is 8 m (Page et al., 1999; Page et al., 2002).

In some areas, the drainage channels are comparatively large (see Fig. and hence they have
a more significant impact on the drainage of their catchments. These areas support limited regeneration
of vegetation due to regular dry season fires and wet season floods. These areas do not typically have
villages associated with them.

As in Moore (2011) and Moore et al. (2013), the degraded land class is considered to exhibit two
different levels of degradation due to the degree of drainage: intermediately degraded peat catchments
with smaller channels support some natural regrowth of vegetation and may also have some settlement
with limited agricultural cultivation; and severely degraded peat catchments are generally devoid of
vegetation and human settlements due to the extreme levels of water table fluctuation. The two studies
carried out by Moore found that these two types of degraded peatland land covers behaved differently
in terms of DOC loss and the quality and quantity of that DOC.

For the purposes of this study the two degraded land cover classes described above will be consid-
ered as one composite group. For discussion purposes, however, some data will be presented using the

different degradation classes to illustrate some of the more extreme behaviour exhibited by the severely
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degraded land class.

Figure 2.5: Tarunajaya, an intermediately disturbed peatland photographed very shortly after one of the first fires of the 2015 El
Nifio fire season. The canals here do not dramatically lower the water table and the area is used for grazing cattle in the dry season.

The area is increasingly being planted up with oil palm (Elaeis sp.).

Three intermediately disturbed sites were visited; Tarunajaya and Tumbangnusa in the first two field
seasons, and Tarunajaya and Bereng Bengkel in the last two field seasons. All are north and/or east
of the Sabangau River and the Trans-Kalimantan highway. Each of these area comprise separate catch-
ments, and each has one main channel draining into the Kahayan River (see Fig. and Table [2.2).

The channels are utilised frequently by local people for boat transport (the access road to Tum-
bangnusa was entirely destroyed by fire in 2011), fishing, sanitation, and waste —including human
sewage— disposal. The channels are significantly larger than at the intact land class being 3—6 m wide
and 2—3 m deep (see Fig. 2.7) and therefore the water table is more significantly affected; it is below the
surface during the dry season and above the surface for significant periods during the wet season.

Discharge at the intermediately degraded sites is double that of the intact catchment; 1.8 x 10°
m3-km~2-yr~! despite it receiving less rain input (2,356 mm during the 12-month study period; Moore,
2011).

The degraded site at Kalampangan is much more severely disturbed. Two peat domes are inter-
sected and drained by a 12 km drainage channel and runs from the Sabangau River in the southwest and
Kahayan Rivers to the northeast (see Fig. and Table [2.2). This channel, the ‘Kalampangan Canal’, is

between 10—25 m wide and 1—-7 m deep (see Fig. 2.7). It lowers the water table and drains significant
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quantities of water from the surrounding catchments. The water table can reach -1.4 m during the dry
season (Hooijer et al., 2008) and discharge is triple that of the forest catchment; 2.7 x 10 m3-km~2.yr—!
though it receives lower precipitation than the intermediately degraded catchments (2,225 mm in the

12-month study period; Moore, 2011).

Figure 2.6: A view of the Kalampangan Canal looking north-east from the Sabangau River (out of shot). The canal drains two peat

domes along its 12 km length, reaching the Kahayan River in the southeast. The canal does not directly discharge into either river
but at its ends which terminate 200 m from the river, there are parallel ‘feeder’ canals which receive the main canal’s waters and

channel them into the rivers. It was these feeder canals that were sampled in the investigation.

On the periphery of the catchment next to the Sabangau River (where the sampling took place) the area
floods in the wet season (see Fig. and in the dry season the water table drops considerably below the
peat surface and the peat is prone to fires. These seasonal events make it very difficult for a vegetation
cover to re-establish, year on year (Hoscifo et al., 2011) and, as a result, a significant portion of catchment
is comprised of bare peat. In the dry season the peat dries and oxidises, and, owing to fire impacts,
resembles a loose ash which collapses several centimetres underfoot. This loose peat would likely have

contributed to the large exports of POC observed by Moore et al. (2013).
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Intact Degraded Kalamapangan Canal

Figure 2.7: Cross-sectional areas of the channels draining the intact and degraded land classes taken from the maximum widths
and depths reported in Moore (2011). A white and red scale bar is included where each box indicates 1 m depth. The channels at
the intact land class were cut for selective logging in the Sabangau National Park, and measure between 1.5—2.0 m wide and "1 m
deep. The channels are surrounded by forest. At the degraded land class, the channels used in the study were dug to drain water
from the peat domes and were between 3—6 m wide and 2—3 m deep. However, at the severely degraded site, Kalampangan, the

drainage is dominated by the large Kalampangan Canal which measures 15—25 m wide and 4—7 m deep.

Sampling at this site was mostly restricted to two feeder channels that run either side of the Kalampangan
Canal terminus; the Kalampangan Canal does not discharge directly in to the Sabangau River, but instead
stops "200 m short of it. The feeder channels are approximately the same size as the channels at the

intermediately degraded sites and drain water from the main canal and deliver it to the Sabangau River

(see Fig. [2.6).
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Figure 2.8: During the wet season the canals in the degraded areas become part of a floodplain due a combination of high water

levels and the lack of forest cover which limits transpirational losses.

Table 2.2: GPS coordinates of the degraded canals at the point they discharge into a river. The river into which they discharge
and the site code used for data analyses are provided. The Kalampangan Canal also discharges into the Kahayan River, but this
northern part of the canal was not sampled. Classification of the degree to which the catchments were disturbed is derived from

Moore et al. (2013).

Channel Latitude Longitude River Site Code  Disturbance
Tarunajaya 2°17"168”S  114°6'252" E Kahayan TAR1 Intermediate
Tumbangnusa 2°21"144”S  114°7'552"E Kahayan TUN1 Intermediate
Bereng Bengkel ~ 2°14'27.6”S  114° 0'3.6” E Kahayan BER1 Intermediate
Kalampangan 2°21'324”S  113°59'564”E  Sabangau KALA Severe

2.2.3 Spatial and temporal sampling strategy
Spatial sampling strategy

Sampling was typically within 1 km of the channels’ point of discharge to their respective rivers. This
was partly due to the difficulty in negotiating the terrain, but also that during the dry season the up-
stream portions of the channels were expected to dry up. In order to make comparisons between the
wet and dry seasons it was decided to sample those portions of the channels which would most likely
contain water in the dry seasons when the water level was lowest. These locations were often near to the
channels’ points of discharge.

During the wet season, sections of the intact land class channels were located that were free of
significant obstacles that might impede the passage of the chambers during high flows. Sometimes the
channels would need some light clearance of bankside vegetation that hung over the channel. Further,
sticks were driven into the bankside, just a few centimetres above —and parallel to— the water surface.
These sticks were used to guide chambers away from isolated hollows at the channel bank where they
might get stuck. The channel sections had to be long enough to allow the chambers to drift on the water
for 5—-10 minutes. Vegetation was not a problem at the degraded channels. But in the dry season the wa-
ter levels could drop to the point where the channels contained isolated pools which were also sampled.

At the degraded land class, the channels were often accessed by boat in the wet season (when the

water level was above the peat surface) and by foot during the dry season. Access to the channels in the
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degraded land class became difficult during the dry season, which became a particular issue at TUN1
where the channel was the only means of access to the sampling sites. With insufficient water in the
channel, particularly in the El Nifio dry season of 2015, access to TUN1 became impracticable and there-
fore it was decided that a different degraded land class channel had to be found; this was BER1 and was
used in the latter two fieldwork seasons. During the wet season, much greater access to the degraded
channels was possible compared to the intact sites as the channels were larger and boats could be used,

therefore the data gathered in the wet season could span a greater portion of each channel.

Temporal sampling strategy

Both land classes were visited in the wet and dry seasons, in both 2015 and 2016 (see Table . The first
wet and dry seasons (field seasons 1 and 2) during 2015 culminated in a severe El Nifio event, during
which nearly all the channels had dried up by mid-September. Peat fires were severe and fieldwork
was abandoned. The El Nifio persisted until November. The wet season that followed saw significantly
larger amounts of rainfall than normal and water levels were high, however, due to difficulties in ob-
taining a visa, it was not possible to return to the field to sample during this season. The dry season of
2016 was late and short, water levels dropped, but not to the levels of a normal dry season. As the area
was generally wetter, very few fires occurred in comparison to normal years. Fieldwork recommenced
in August 2016 and finished as the wet season was establishing in December. This time period comprises

fieldwork seasons 3 and 4. The greatest effort was made to visit sites on a regular rotation, i.e. to visit

Table 2.3: The fieldwork seasons referred to in the thesis. Presented is the dominant season and the start and finish dates of the

seasons. Fieldwork ceased early in season three due to the severe El Nifio fires.

Fieldwork season  Local season  Fieldwork start Fieldwork finish

1 Wet 6" April 2015 15" June 2015

2 Dry 23*4 July 2015 13" September 2015
3 Dry 12" August2016 16" October 2016

4 Wet 31% October 2016 10*" December 2016

each of the six sampling locations over sets of six sampling days. However, in the first two sampling sea-
sons, TAR1 and TUN1 were much harder to access than SAB1—3 and KALA. TAR1 and TUN1 required
transport by motorbike, and a boat and boat driver available for hire at those sites. These sites could also

not be visited when the waters of the Kahayan River were entering the channels. The transport, hire,
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field support personnel and confirmation that the channels were freely draining all had to be obtained,
and sometimes one or more of these requirements could not be met and another site was visited instead
(such as those at the intact land class, or at KALA). In the second two sampling seasons this issue was
mostly mitigated by hiring dedicated people and transportation to assist with my research. A complete
list of site visits are to be found in Tables 2.5/ to 2.8

Visits were limited to the daytime, starting at "9 a.m. in the morning and finishing between 4 and
5 p.m. in the afternoon. As the sampling involved visiting different stretches of the channels along its
length, the most downstream end was alternately the first or last on successive sampling days in order

to avoid sampling bias due to time of day.

2.3 Methods

2.3.1 Measurement of channel CO, and CH, fluxes

There are three major pathways for gases to exchange between freshwaters and the atmosphere; these
are via diffusion and/or turbulent transfer at the air—water interface at the water surface, ebullition, and
via aquatic plants that emerge above the water surface (MacIntyre et al., 1995). This thesis is concerned
with the diffusive/turbulent flux because it is this flux term that tends to dominate in flowing waters,
particularly for CO, (Baulch et al., 2011; Crawford et al., 2014). Ebullition of CH, can make up a signifi-
cant proportion of total CH, flux in lakes (Huttunen et al., 2003; Bastviken et al., 2011) and some streams
(Baulch et al., 2011; Crawford et al., 2014), however it is a challenge to measure as its occurrence can
be spatially and temporally stochastic (Crawford et al., 2014). Poor constraining of ebullition has led to
frequent estimation errors of total CH, fluxes in the literature (Bastviken et al., 2004; Bastviken et al.,
2011).

The diffusive flux (') is given as:

F=k -Kg-AP (2.1)

with

AP = -P(aq) - P(air) (22)
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where, k is the gas exchange (or piston) velocity at a given temperature, Ky is Henry’s constant that
corrects for the solubility of a gas at a given temperature and salinity, and AP is the difference in the
respective partial pressures of the air near the water surface, P, and that of the water, Pq).

Henry’s Law states that as the temperature and salinity of water increases, its solvency potential
decreases (Benson and Krause, 1984). A poorly soluble gas such as CH, will be more affected by temper-
ature and salinity than a more soluble gas like CO,.

The gas exchange velocity, k, is a function of the kinetic energy at the water—air interface. It
comprises the combination of water turbulence, the kinematic viscosity of the water and the molecular
diffusion coefficient of a particular gas (MacIntyre et al., 1995).

The difference in the partial pressures between the water and air give the difference in concentra-
tions and therefore the gradient across which a gas will seek equilibrium. The greater the difference, the
faster the more concentrated reservoir will diffuse into the less concentrated reservoir.

F, k and AP are all measurable, and obtaining /' can be done in indirect and direct ways. Indi-
rect methods work by obtaining the values in Equation namely the gas exchange velocity and the

difference in partial pressures.

Indirect gas flux measurement methods

Indirect methods are favourable as they are non-invasive and do not interfere with the water surface
(which can cause disturbance and might artificially alter the flux). Artificially affecting the flux is a con-
cern with some direct measurement methods (e.g. Matthews et al., 2003). The drawbacks of indirect
methods are that they do not directly measure the flux, and errors in the measurement of k£ or AP will
give erroneous values for F.

There are several approaches to obtaining k including measuring turbulent flow, measuring wind
speed (that might affect turbulence at the water surface), mass-balance models (Cole et al., 2010), and
using inert (sometimes radioactive) tracer gases.

Calculating k from wind speed and fetch has been used in several studies of lake fluxes (Cole et
al., 2010; Vachon et al., 2010), though they have yielded inconsistent results that do not transfer to other
sites and may be more location/system-specific (Vachon and Prairie, 2013). In rivers (>100 m wide)

wind fetch has a significant role as a physical driver of fluvial gas fluxes, however for smaller streams
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water flow and its associated turbulence was found to be a greater driver of k than wind-shear effects
(Alin et al., 2011).

An acoustic Doppler velocimeter (ADV) can be used to measure turbulence near the boundary
layer allowing the calculation of k¥ (Vachon et al., 2010). The ADV works by bouncing packets of sound
waves off suspended particles in a remote volume of water, thereby not disturbing it. This has been ef-
fective in chamber gas flux studies in lakes, but the ADV needs to be attached to the chamber to measure
k at the water-headspace interface (Vachon et al., 2010; Galfalk et al., 2013). In flowing water the ADV
would need its own float joined to the chamber which itself can cause turbulence and hence makes it
unsuited to measuring & in flowing waters (Galfalk et al., 2013).

Inert tracer gases such as propane (CH;CH,CHj;), sulphur hexafluoride (SF;), radioactive helium
(®*He) and radioactive radon (**’Rn) have been used to ascertain rates of diffusion from water to the at-
mosphere (Devol et al., 1987; Kremer et al., 2003; Billett and Harvey, 2013). The gases are pumped into
an upstream portion of stream. Concentrations of the gas are then measured in a downstream portion of
the stream. Losses of the gas are attributed to gas exchange at the water surface because the inert nature
of the gases means that there is no potential for biological or chemical alteration, and hence only physi-
cal processes can account for a difference (Matthews et al., 2003). Once dilution of the gas in the stream
is accounted for, the rate of diffusion gives k. Gas tracers can pose problems in larger flowing water
systems and require days to obtain results (Billett and Harvey, 2013). Gas tracers may be unsuitable for
studying channels in tropical peatlands as the channels can overbank during the wet season and may
cease to form discrete channels upon which the tracer gas method largely depends; the larger surface
area over which the tracer gases could diffuse and be emitted could cause difficulties in accounting for
loss of the tracer gas with respect to the channel (Billett and Harvey, 2013).

k, however, can only be approximated as flowing, ‘lotic’ systems are highly diverse and dynamic
environments where the physics of water—atmosphere gas exchange are very complex (Maclntyre et al.,
1995). Directly measuring the flux is desirable provided it does not significantly interfere with the water

surface.
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Direct measurement methods

Direct measurements of the flux can be obtained using a closed environment, or ‘headspace’, or tech-
niques using eddy covariance or gradient flux (Guérin et al., 2007). Eddy covariance works at a scale
that is too large for small streams or channels as it is very difficult to determine the wind footprint
(Matthews et al., 2003).

Floating chambers are a commonly used method of directly measuring flux because of their sim-
plicity and affordability (Bastviken et al., 2015). The vast majority of gas flux studies using floating
chambers have been in lakes, estuaries and the sea, but they are increasingly being used for flowing
river and stream studies. In rivers and streams there are different drivers of water turbulence which
include water depth, stream bed roughness and water velocity (MacIntyre et al., 1995). In lakes they are
often anchored to the lake bed (e.g. Cole et al., 2010), but this is unsuitable in many streams; anchor-
ing limits their ability to move freely and they can disturb the water surface when they resist the wind.
Tethering chambers in flowing waters can significantly increase the flux due to the chamber resisting the
flow (Guérin et al., 2007; Lorke et al., 2015).

Floating chambers create an enclosed environment over the water surface. This headspace can
then be monitored for changes in gas concentration(s) over a period of time. Fluxes may be measured
by a variety of methods which include: a) taking vial samples of the headspace at the start and end of
the deployment which are then analysed using a gas chromatograph; b) using a portable gas analyser
connected via tubing to chamber inlet and outlet ports to measure fluxes in real-time, and; c) installing
compact gas sensor-loggers that can operate remotely (Bastviken et al., 2015; Lorke et al., 2015; see Table

73).

Vial samples are useful because they capture a volume of the headspace and can be stored for

Table 2.4: Methods of obtaining gas fluxes using floating chambers.

Sampling method CO, CH; Anchored Drift Ebullition Fine-scale
Vial samples X X X X X

Portable gas analyser X X X X X
Sensor-logger X X X X

later analysis. The samples can be analysed in a lab which may have instruments that can measure the

concentrations of several gases simultaneously. Vial samples, however, only give snapshots of the gas
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concentrations in the headspace and so it can be difficult to know if/when the flux rate changed and
why; enhanced gas emissions into the headspace by e.g. increased turbulence or ebullition would be
more difficult to detect using snapshot samples of the headspace (Bastviken et al., 2011).

A portable greenhouse gas analyser can be connected to the chamber to get real-time, fine-scale
changes in headspace concentrations, however there is an inherent drawback in that the limited length
of tubing requires that either the chamber is anchored, or that the analyser itself must be able to move
with the chamber (especially in a flowing system). Anchoring chambers is not recommended for flow-
ing water gas flux studies (Lorke et al., 2015), and constructing a raft to flow with the chamber without
disturbing it, for several minutes, would be very difficult as portable analysers typically weigh several
kilograms.

Use of battery-powered sensor-loggers is desirable as they are integral to the chamber and do not
need external connections, therefore they can drift unimpeded with the water. Further, they allow a
reasonably fine-scale measurement of the flux. Unfortunately, compact CH, sensor-loggers are not yet
available.

Some studies have criticised the use of chambers because they have been shown to cause consider-
able overestimation of gas fluxes (Matthews et al., 2003). The chambers impose an artificial environment
on the water surface and headspace and create “chamber effects” that affect gas exchange between the
water and headspace. These chamber effects include chamber greenhouse heating (Belanger and Ko-
rzun, 1991) and non-natural levels of turbulence at the water surface. A chamber can disturb the water
because of its mass and resistance to air and water flow. This can artificially increase fluxes inb the cham-
ber if e.g. it is being buffeted by the wind, but it can also shelter the water surface from the wind and
reduce fluxes (Matthews et al., 2003).

Chamber design, therefore, is an important factor in reducing the amount of disturbance that a
chamber can cause to the water surface. Reflective tape should be used to prevent chamber greenhouse
heating (Belanger and Korzun, 1991). To reduce disturbance to the water surface, the chamber ‘skirt’
should be appropriate (Cole et al., 2010). The chamber skirt is the depth of penetration of the chamber
into the water. Using flexible skirt materials has also been shown to improve flux measurement accuracy
(Lorke et al., 2015).

As the fluxes and partial pressures of dissolved gases were measured, this allowed for the calcu-
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lation of % (as in Equation2.17). As a data quality check for the fluxes, the k values in this study were
compared with those of similar stream types in order to check that the gas exchange velocities were re-
alistic and representative.

This study used floating chambers fitted with CO, sensor-loggers to measure the CO, flux in real-
time. Gas samples of the air and water were used to determine the concentration gradient and thereafter
determine k. With k known along with the concentration gradient, the diffusive flux of CH, could be

calculated (as described in Sections 2.3.9—12).

2.3.2 Floating chamber design and operation
Sensor construction and operation

Standalone battery-powered, small and lightweight sensors with low power consumption and an inter-
nal data logger were required for the study. SenseAir ELG CO, sensor-loggers were selected for their
cheapness and serviceability in a remote field situation, and they have also been used in studies using
floating chambers for measurement of CO, (Galfalk et al., 2013; Bastviken et al., 2015; Lorke et al., 2015).
Further, their sensitivity (1 ppm resolution) and measurement range (0—10,000 ppm) was suitable for
deployments lasting 5—15 minutes. They operate on the principle of non-dispersive infrared (NDIR)
spectroscopy, where an infrared beam of a certain wavelength (0.763 ym for CO,) gets passed through a

gas sample, and the degree of attenuation of the beam infers the concentration of the absorbing gas.
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Figure 2.9: Both sides of SenseAir ELG CO, sensor-logger. On one side is the relative humidity and temperature sensor, two sets
of jumper pins for calibration and sensor activation, and the battery and data cable connections. The battery has positive (+) and
negative (-) terminals, and the data cable has transmit (Tx), receive (Rx) and ground (GND) connections. The jumper pins and
cables all had to be soldered into place. The sensor was painted three times with an anti-tracking varnish covering all areas except
the relative humidity and temperature sensor, the carbon dioxide sensor and the activation jumper pins. The casings for the battery

and sensor in this study were circular, not rectangular. Original pictures from Bastviken et al. (2015) Supporting Information.

The sensors also measured relative humidity (0—100 %) and temperature (-40 to 60 °C). The sensors were
prepared as in Bastviken et al. (2015): They arrived as OEM modules to which a battery lead and data
cable (with DIN connector) were soldered. The sensors were also varnished with three coats of xylene
anti-tracking varnish to protect the sensor electronics from water and chamber humidity (see Fig. 2.9).
A USB-DIN connector cable was also made so that the sensor could be connected to the computer.
SenseAir UIP5 software was downloaded from the SenseAir website, after which it was immediately
updated to the latest version. The sensors could be programmed (sampling frequency, measurement
commencement delay, clock-setting, etc.) and monitored from this software. This software was also
used to calibrate the sensors. To make sure the sensors were calibrated properly prior to use in the field,
they were placed in a container and sparged with nitrogen gas for 3 hours. This duration was sufficient
that all air had left the container and all the sensors could be set to 0 ppm CO,. They were then left to

measure ambient CO, overnight and the results checked the next day to ensure they were producing
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suitably similar results.

Floating chamber construction and operation

The floating chambers used in this study were functionally identical to those described in Bastviken et
al. (2015) but constructed slightly differently to reduce the possibility of chamber disturbance artificially
affecting gas exchange.

The chambers in this study were constructed from inverted 7-litre plastic mixing bowls which
were curved rather than having flat sides and a flat top. It was believed —but not tested— that the cur-
vature might make them more aerodynamic and less prone to buffeting by wind which has been shown
to be an issue for floating chambers in exposed lake flux studies (Matthews et al., 2003).

To accommodate sufficient chamber headspace volume, these curved chambers were taller and
had a smaller surface area-to-volume ratio. As the chambers were taller and consequently had a higher
centre of gravity, the centre of gravity was lowered again by mounting and stacking the internal com-
ponents down centrally through the chamber. This central distribution of weight improved chamber
stability. The smaller surface area (to volume ratio) was intended to allow the chamber to move more

naturally on flowing waters (see Fig. [2.10).

Figure 2.10: Top down and profile schematics, and image of the floating chamber design used in the investigation. The main

features are labelled as: a) CO, sensor; b) 9-volt battery; c) sampling port composed of bung and pipe; d) nylon screws, e) holes
drilled into sensor housing; and f) halved pool noodle (as floatation aid). The chambers were 7 L in volume, 150 mm tall and had

internal and total diameters of 305 mm and 345 mm, respectively.
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Each chamber was fitted with a battery-powered SenseAir ELG CO, sensor-logger mounted in the up-
per housing. The upper housing was drilled with numerous holes in order to allow gases to flow in
and out and be measured by the chamber. A lower, sealed housing contained the battery and sensor
data transmission cable to keep them dry at all times. The sampling port consisted of a stopped through
which a hole was drilled and Tygon tubing passed. The tubing passed to a depth similar to that of where
the sensor was mounted. At the end of the tubing was a stopcock. The stopcock acted as a valve to
extract headspace samples. The stopcock was left open upon deployment on the water to prevent air
pressure build-up. After deployment it was immediately sealed. Nylon screws were used throughout
to minimise weight and because they were unreactive and would not affect the measured gas flux. The
chambers were fitted with halved 60 mm-diameter styrofoam rods to act as floatation aids. These floata-
tion aids were of different colours to aid visual identification in the field. All chambers were covered
with reflective aluminium foil tape to prevent greenhouse heating of the headspace resulting from sun-
shine (Belanger and Korzun, 1991).

The total weight of a complete floating chamber was 460 g. When in the water the amount of
chamber penetrating the surface was 20 mm making the effective volume of the chamber 5.9 L. The ef-
fective chamber volume was found by placing the chamber in water and marking the chamber at the
water surface. The chamber was inverted, put on weighing scales and filled with water to the mark.
The difference in weight (kg) was converted to litres, giving the effective volume of the chamber. The
stack was left in place to account for the volume it consumed in the chamber. The clearance of the in-
ternal stack with the water surface was 30 mm. The chambers were designed so that the internal stack
of components could be removed from the chamber by unscrewing the nuts and bolts attaching it to
the chamber top. By removing the internal component stack the chambers then could be stacked which
allowed for much easier and more compact carrying in the field. Though 5—10 chambers would be used
in a deployment, 12 chambers were built in total in case of damage or failure.

A couple of chambers had two extra holes drilled, respectively into the side (halfway up the cham-
ber) and the top of the chamber. The holes were the same size as the sampling fort so that septa could be
placed in them, allowing them to be used as additional sampling ports. The ports allowed these cham-
bers to be connected to a Los Gatos ultra-portable greenhouse gas analyser (UGGA; Los Gatos Research

Inc., USA) which allowed real-time measurement of CO, and CH,. Measuring CO, with the UGGA was
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useful for checking the data from the sensors (which were sampling simultaneously). The UGGA could
be connected simply by connecting two lengths of Tygon tubing; one length from the top port of the
chamber to the inlet on the UGGA, and one length from the side port to the exhaust port on the UGGA.

As the chamber deployments were expected to be fairly short, lasting up to 10 minutes, the sensor
logging period was set to the finest time-scale which was 2 readings per minute (i.e. every 30 s). The
logging was started by connecting a ‘jumper’ (a small connector that closes a circuit) to some pins on the
sensor circuit board.

Data were transferred at the end of each day to a computer after which the sensor-logger memory
was wiped. At this time, the battery was checked to ensure it had enough charge to last the next set
of deployments (>7 volts), and the sensor-logger’s on-board clock was synchronised with that of the

computer.

Floating chamber deployment

Upon arriving at a site a test deployment was made to check whether the channel current was strong
enough to carry the chambers downstream. Further, the channel section also needed to be long enough
so that the chamber would take at least 5 minutes to travel its length. If this was the case an end point
would be identified downstream where chambers would be collected from, to end the deployment. The
end point was typically 50—100 m from the start point. During the test deployment, the chambers were
watched and obstacles identified and removed that might obstruct the passage of the chambers. GPS
coordinates of the start and end points of the drift section were recorded using a Garmin eTrex 20x.
Before starting each chamber deployment, environmental measurements were taken: air temper-
ature and pressure were measured with a Comet C3121 thermometer-hygrometer; water temperature,
pH and electrical conductivity were measured with a HANNA HI-98129 pH/EC/TDS hand-held probe;
and dissolved oxygen was measured using a Cole-Parmer Traceable Dissolved Oxygen Pocket Tester. (In
the third and fourth sampling seasons, a hand-held anemometer was available to measure wind speed.)
Immediately prior to chamber deployment, samples of gas were taken. All samples were taken
with syringes and transferred to pre-evacuated 12 mL Exetainer vials, i.e. all gas samples were over-
pressurised. Care was taken to make sure breath did not contaminate the gas samples. The gas samples

collected were a 20 mL sample of atmospheric air, and a 20 mL gas sample taken from a 2 minute syringe
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equilibration of 75 mL of channel water and 25 mL of atmospheric air. A further 20 mL gas sample of a
chamber headspace was taken immediately before the chambers were deployed, which will be explained
below.

Chambers were deployed in channels typically in a group of five, but 30 seconds apart giving
time for the channel current (or the wind) to carry the chambers away from the deployment point. The
chambers were colour-coded to allow easy identification which was important for knowing how long
the chambers had been in the channel, and if the chambers had passed each other and changed order.
Knowing the drift duration and the length of the section of the channel allowed the chamber velocity to
be calculated.

Before placing the chamber in the channel, they were wafted gently for “25 seconds to purge the
chamber and sensor housing of any contamination by breath. To prevent over-pressurisation of the
headspace resulting from sudden placement of the chambers in the water, the chambers were gently
lowered into the water with a slight tilt on one side before lowering the other side. In addition to this,
the sampling port was left open to allow air to escape, before being closed immediately. Once the first
chamber was in the channel a stopwatch was started. The remaining chambers were deployed in this
manner at 30-second intervals with the last having a sample of the headspace taken.

As the last chamber was placed on the water surface, a syringe was connected to the sampling
port of the chamber to take a sample of the headspace. The syringe was ‘pumped’ once to encourage air
circulation in the chamber without disturbing it. 20 mL of headspace was extracted and transferred to
an evacuated 12 mL Exetainer vial. The sampling port was closed, the syringe removed and the chamber
set to drift.

Upon reaching the end point of the drift section the chambers were immediately removed from
the channel and the drift duration recorded. The chamber that had a headspace sample taken at the start
also had a headspace sample taken in the same manner at the end, before being lifted from the water.

Once all the deployments were completed, the channel depth and width were measured at five
equidistant points along the drift section and the water velocity was measured. As channel depth and
velocity were very variable over the seasons, several methods were employed for establishing water ve-
locity. If the current was strong enough to carry the chambers, the water velocity was taken from the

fastest chamber in each deployment. If the channel was deep enough (>25 cm) a Valeport 002 electro-
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magnetic current meter (impeller) was used at the points where the depth and width were measured. If
the water was too shallow, particles below the channel water meniscus were timed for how long it took

them to move 2 m. This was repeated several times.

2.3.3 Sample storage

At the field site there was no refrigeration facility. All samples were stored in the dark in sealed boxes.
The boxes were kept in the coolest place available; in the most shaded building in the camp, on the
floor, where the temperature was 720 °C. They were stored like this for a maximum of 2.5 months. They
were then taken back to the UK after the field season had ended. The gas samples were immediately
transferred into boxes and stored at 18 °C prior to analysis. The water samples were transferred into

boxes and stored in a fridge at 4 °C.

2.3.4 Water table measurement

Water table data for the intact land class was provided by the Borneo Nature Foundation. It comprises
data from six dip wells, three of which are adjacent to SAB2, and another three adjacent to SAB3. At both
SAB2 and SAB3 the dip wells are respectively located approximately 100, 300 and 500 m from the forest
edge, and 20 m out from the channels themselves. The dip wells were constructed from a perforated
plastic pipe that was driven into the peat down to the underlying rock. The wetted sections of dip sticks
inserted into the dip wells were measured to ascertain the water level in the peat. They were sampled
on a monthly basis from 2015—18 as part of continuing long-term water table monitoring of the forest.
No dip well data were available for SAB1. No such means of measuring the water table were available

at the degraded land class.

2.3.5 Quantitative DOC analysis

Further to the gas samples, water samples were collected to determine DOC quantity and quality at the
points at which deployments were made. These were collected by taking 20 mL of channel water into a
syringe and passing through a Whatman 0.45 ym GF/F glass fibre filter directly into a 12 mL vial.

The samples were immediately stored in the dark and, as a fridge was not available at the research

station, they were placed in the coolest part of a building (at ambient temperature). As it was intended to
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analyse the samples for DOC quality (such as aromaticity), but the necessary equipment to do the anal-
ysis was in the UK, the samples were not acidified as this can alter the properties of the DOC (Worrall et
al., 2006; Cook et al., 2016; Peacock et al., 2016). The longest period the samples were stored at ambient
temperature was 10 weeks. Immediately after a field season was over the samples were brought back to
the Open University where they were analysed for DOC concentrations.

For analysis the samples were transferred to 40 mL vials for use with a Shimadzu ASI-V autosam-
pler. The autosampler carousel was raised using inserts in order to raise the vials closer to the sampling
needle to allow for the small volume of sample (12 mL). The samples were subsequently analysed by
a Shimadzu TOC-Vcpn Total Organic Carboniser (fitted with a platinum catalyst) which used high-
temperature catalytic oxidation at > 680 °C to determine DOC concentrations. The instrument was
calibrated with hydrogen sodium napthalate standards as described in Moore et al. (2011).

Two 20 pL replicate injections were used by the analyser for each sample. Each injection was
sparged for 90 seconds and washed twice. If the two concentrations differed by more than a standard
deviation of 0.1 o or 2% of the coefficient of variation a third replicate injection was used. 12 mL blank
and 75 mg L~! hydrogen sodium napthalate standards were inserted every ten samples through the run,
as well at the start and end, in order to detect and correct for any drift in the instrument during analysis.

As the samples were not preserved by acidification some DOC losses were expected; Cook et al.
(2016) found that the DOC concentration of untreated tropical water samples cold-stored at 4 °C re-
duced by 8—11 % from their original concentrations after 12 weeks of storage. Further, the study found
that DOC concentrations of samples stored at ambient room temperature (33 °C) reduced a further 6.1
% than those samples stored at 4 °C. Although DOC losses in these tropical samples were significant in
these storage experiments, over 82 % of the DOC remained. The samples in this experiment were stored
at lower ambient temperatures and analysed within a shorter time frame, and therefore it was expected
that the samples would lose a similar but smaller amount of DOC yet still be suitable for qualitative
analysis.

Aromaticity of DOC is commonly considered a proxy for recalcitrance and it has been found that
the DOC in more aromatic water samples degrades more slowly, with the more labile DOC in the sam-
ples being degraded preferentially (Peacock et al., 2015). DOC from the degraded land class has been

found to be more aromatic than the intact land class (Moore, 2011), therefore less degradation of the DOC
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should have occurred in the samples from the degraded land class than the intact land class, whilst in

storage over the same timeframe.

2.3.6 Qualitative DOC analysis

A Cole-Parmer UV /visible spectrophotometer (230 VAC, 50 Hz) and 3 mL quartz cuvette was used to
analyse the aromatic content of the samples. The instrument was calibrated using potassium hydrogen
phthalate (KHP). The calibration standards were made by putting 2.125 g of KHP in a 1 L volumetric
flask which was dried at 120 °C for 1 hour. 1 L of deionised water was then added to make a 1000 mg
L~! stock solution. This solution was tested against manufacturer’s KHP standards to ensure accuracy
of the concentration. This solution was then diluted to 100, 75, 50, 25, 20, 15, 10 and 5 mg L—! standards
and was used to calibrate the instrument.

Specific ultraviolet absorption at 254 nm (SUVAjs4) can be used as a proxy for determining aro-

maticity within in a DOC sample by using the equation described by Weishaar et al. (2003):
(6.52 x SUV Azs4) + 3.63 (2.3)

with:

SUVA254 = A254/CDOC x 100 (24)

where Ass, is the absorbance at 254 nm and Cpoc is the DOC concentration.

As the DOC concentrations in the filtered channel water samples were high (typically over 50
mg-L~! and could therefore could fully attenuate the spectrophotometer beam, the samples were di-
luted 1:1 with Milli-Q ultrapure water. The samples were gently shaken so that the diluted sample was
homogenised. The instrument was set to measure absorbance at 254 nm, and before analysing each sam-
ple a blank of ultrapure water was used to ensure the instrument was reading zero absorbance so that it
was clear the instrument had not drifted. Cpoc was multiplied by two to account for the dilution of the
sample and then the aromaticity of the sample was calculated as described in the above equations. The

cuvettes were thoroughly rinsed and dried between analysis of each sample.
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2.3.7 Radiocarbon measurements and molecular sieve cartridge construction and

deployment

Radiocarbon (**C) dating is a widely used method for determining the age of organic materials (Evans
et al., 2007; Moore et al., 2013) and carbon gases in channels (Billett et al., 2007, 2015; Garnett et al., 2012,
2013). 1*C is a naturally occurring isotope of cosmogenic origin that gradually increases in concentration
in the atmosphere (see Fig. left pane) with respect to 12C. This dating method can be used for material
that pre-dates atomic bomb testing (pre-1955), after which large amounts of *C were release to the
atmosphere (see Fig. right pane). As a plant photosynthesises, it captures CO,, consisting of both
14CO; and 2CO;,. The ratio of 1“C to 2C in the plant tissues reflects the atmospheric concentration at

the time of CO, fixation.
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Figure 2.11: Historic (left) and modern (right) atmospheric *C concentrations. Figure sourced from Moore et al. (2013) supple-
mentary materials.

Molecular sieve cartridges containing CO,-adsorbing zeolite clays (see Fig. were used to collect dis-
solved CO, from the channels for *C analysis, as this CO, would come from the breakdown of organic
carbon from the surrounding catchment. The molecular sieves were therefore used to test whether there
was a significant difference in the age of the organic carbon that was being degraded between the land
use types. The molecular sieves were constructed as described in Garnett et al. (2012).

It was critical to deploy the cartridges for sufficient time that they adsorb adequate sample for
radiocarbon analysis (more than 3 mL and ideally between 5 to 7 mL; Mark Garnett, personal com-
munication). A period of one month was deemed sufficient following measurements of flow rates and
dissolved CO, concentrations obtained during the pilot fieldwork season.

21 cartridges were deployed for one calendar month between the beginning of May and the be-
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ginning of June 2015. 3 cartridges were located in each channel at points allowing the largest possible
coverage of channel, i.e. at the upstream, midstream and downstream points of the stretches of channel

where gas flux and other measurements were made.

Figure 2.12: A deconstructed molecular sieve cartridge with (from bottom to top) the outer black casing, blue packing foam, and
glass pipe containing zeolite clays and a hydrophobic filter at the upstream end. The sieve is arranged in the photo as if water was
flowing from the right.

It was important to ensure that the cartridges were not exposed to the air as the clays would rapidly
adsorb atmospheric CO, which would have a highly modern signature and therefore contaminate the
samples. It was therefore important to ensure that they were always deployed in locations that would
contain sufficient water to keep them covered for the duration of the deployment. They had to be de-

ployed in areas that met several criteria:

¢ They were deployed in locations in the channel where there would be sufficient water present

during the dry season that they could be deployed in the same place.
¢ The water would exceed 20 cm depth at the time they would be recovered in the dry season.

¢ At the intermediately degraded sites, they were sufficiently upstream that water invasion from the

Kahayan would not reach the cartridges.

¢ They were located in places in which local people would not easily discover and unwittingly inter-

fere with them.

To deploy the molecular sieve cartridges, "1 kg rocks were attached to the cartridge casings at the sleeves

to act both as an anchor and, once on the channel bottom, would elevate the sampling end and effect
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a pitch of "10°, facing upstream. This was intended to reduce the possibility of the sampling end being
clogged by sediment that might have otherwise collected around the cartridge. Once a sieve was sub-
merged under the water a clip was released from the tube connecting the hydrophobic filter to the pipe
containing the zeolite clays. This was done underwater so that the clays were not contaminated with
CO, from the atmosphere. As some of the channels were deep, the cartridges were lowered using twine
threaded through the head and tail ends of the probe so as to guide the orientation of the sampling end
upstream. Sticks were also used to act as extra anchors to prevent the sieve cartridges being lost during
potential high flows in the channels. The time, date, sieve cartridge ID, location description, location
photo and GPS coordinates were recorded at this time.

The wet season deployments were successful. Due to very low channel water levels and fires
during the 2015 dry season, molecular sieves could not be deployed as was intended and therefore no
comparison was possible for the measurements made during the wet season.

When retrieving the molecular sieves, they were carefully raised to just below the water surface
so that the clip could be replaced onto the tube, preventing contamination by air. They were then stored
in the dark in the coolest part of the field station until the fieldwork season had finished. They were then
shipped back to the UK and then sent to the NERC Radiocarbon Facility in East Kilbride for analysis.

CO, trapped by the zeolite clays was liberated by heating whilst purging with nitrogen gas, and
then converted to graphite by Fe/Zn reduction. The graphite pellets were then analysed by Accelera-
tor Mass Spectrometry (AMS) to establish the '*C content relative to 12C. The ages of the samples were

provided as conventional radiocarbon years before present (BP) where present refers to AD 1950.

2.3.8 Flux calculation: Sample and data analysis

Several stages were required to obtain fluxes for CO, and CH, which have been summarised in the
workflow diagram in Fig. and have been described in the following sections.

Once all the CO, flux data had been obtained using the floating chambers, the data needed to
be compiled and the linear fluxes identified. The start and end points of the fluxes were entered into a
spreadsheet and then those concentrations adjusted due to drift in the SenseAir CO, sensor-loggers in

the field. The adjusted linear fluxes were then subject to a test of linearity.
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Figure 2.13: A diagram of the workflow demonstrating the steps required to obtain fluxes for CO, and CH,,.

Gas samples were analysed for CO, concentrations to calculate more accurate non-linear fluxes, although
due to time restrictions not all of the gas samples could be analysed. A strong relationship was found
between the data that had both linear and non-linear fluxes and, therefore, that relationship was used to
estimate non-linear fluxes from those data with only linear fluxes.

Some fluxes in the dataset had gas exchange velocity (or k) values that were suspected of being
erroneous due to a few gas measurement problems (which k was derived from). As the non-linear
fluxes were dependent on k, these fluxes were likely flawed and were omitted from the dataset. For
the remaining CO, fluxes, corresponding CH, fluxes could be calculated once the gas samples had been

analysed for CH, content.

2.3.9 Linear flux identification

I'wrote a computer script to extract the data from the CO, sensor logs into the R statistical programming
environment. For every sensor, the days” CO, measurements were plotted and the start and end points
of the linear flux identified. The linear flux typically occurred following a ‘settling period” after the

chamber was deployed in the channel (see Fig. [2.14).

94



R 1 g
o
© 59 .
Chamber off 80
o
4
o | o
8 OO
- S
£ o
= Chamber on ;P &
= o s
o o & o
O - o S
(e}
O o o $ ¢
g So S I3
o o ]
g @ Oo -] oo OOO
o o
6 § T © 000 3 ° c?o
o S s &
o & o & §
o o o
[} & oc‘?
Qo o
: %j %ﬁ% ; M
3 4
S Le]
T T T T T
0 50 100 150 200 250

Index

Figure 2.14: Example of sensor data demonstrating the chamber settling period (red boxes) and the data that would be used for a

linear flux (blue lines). Linear fluxes were tested for linearity (R? >0.95). Data points are at 30-second intervals (an Index of 1 = 30

s).

The start and end points of the linear flux were entered into a spreadsheet.

2.3.10 Sensor drift adjustment: correcting for sensor auto-calibration
The problem posed by sensor auto-calibration

The SenseAir CO, sensor-loggers were built for indoor use and have an in-built auto-calibration fea-
ture (SenseAir, 2018). The auto-calibration works by using SenseAir’s ‘automatic baseline correction’
(ABC) algorithm that records the lowest CO, concentration within a pre-configured time interval. The
algorithm gradually corrects for measurement ‘drift” by assuming that the value is 400 ppm CO, (which
might be expected in an indoor environment) and adjusting the zero point.

The ABC feature was not explicitly mentioned in the product documentation, nor in Bastviken et
al. (2015) which outlined the use of the SenseAir sensors for measuring CO, in the field, and as such,
this feature was unexpected. It was only much later in the sampling campaign that sensor drift was
recognised to be a problem (i.e. calculated fluxes were becoming higher), and that the problem stemmed
from the ABC feature; the sensors were being used intensively in a high CO, environment (i.e. the cham-
ber headspace), whereby it was less likely that the sensors would encounter 400 ppm within its pre-

configured time interval. Hence, the sensor’s zero point was, periodically, being adjusted to headspace
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CO, concentrations significantly higher than 400 ppm. This had the effect of causing the sensor’s mea-
surement of e.g. 400 ppm to be e.g. 500 ppm, i.e., near-ambient would be measured as being higher, and
with continued use of the sensors ABC would cause the measured value to increase with respect to the
actual concentration (see Fig.[2.15). Further, the range of the sensor measurements generally increased
over time, presumably as a result of their increasing and differential drift due to ABC. This indicates
that imprecision was increasing and ‘agreement” between sensors was decreasing. The drop in between-
sensor precision is evidenced by the larger ranges in measured CO, minima across the sampling period
which should be very similar (as in the first sampling season; see right pane of Fig. .

If CO, concentrations were measured as higher than they actually were, this would likely cause
the fluxes (that are the basis of this thesis) also to be higher than they were. Further, as the drift of the
sensor-loggers became more significant over time, the data collected in later seasons would be more

affected and accurate comparisons could not be drawn.
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Figure 2.15: Box plot showing the minimum CO, concentrations measured by the sensors on each day of sampling. Typically,
five sensors were used per day. The data demonstrate that the minimum concentration increased through the sampling seasons
as a result of the sensors’ in-built ‘automatic baseline correction” (ABC) algorithm, with the exception of EWS (season 4) when the

sensors were re-calibrated. The precision of the minimum readings also reduced as sampling progressed.

As chambers were wafted in the air before use to ensure the headspace and sensor were as close to
ambient CO, concentration as possible before each deployment (i.e. 400 ppm), the minimum value
measured by a sensor on each day was assumed to be approximately ambient, and therefore the drift

due to ABC was estimated, and the measured values adjusted as described in the following section.
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Adjusting the data to correct for sensor auto-calibration

Five sensors were calibrated to ambient CO, (405 ppm); sensor 1 was calibrated correctly whereas the
four others (sensors 4, 9, 8 and 6, respectively) were calibrated to measure ambient CO, as 700, 1,000,
2,400 and 2,700 ppm, respectively, to mimic the drift that occurred in the field due to auto-calibration
(see Fig.[2.15).

To determine how different sensor calibrations might affect measurement, the sensors were put in
the same busy office in mid-afternoon and left out through the night. This was so that they simultane-
ously measured a large concentration range of CO, that would be high when the office was occupied,
and would gradually drop to ambient levels ("400 ppm) once the office was empty (see left pane of Fig.
2.16).

Box plots of the office CO, data revealed that as calibration increased the range of values increased
(see centre pane of Fig.[2.16). Further, the parts per million differences between the five number sum-
mary statistics of the box plots (maximum, third quartile, median, first quartile and minimum) were
larger at higher calibrations (third quartile—maximum of sensor 1 < third quartile—maximum of e.g.
sensor 4). Furthermore, whilst the box and whiskers demarking the five number summary statistics for
each sensor were proportionally in the same positions, there was a non-regular ‘stretching effect’; each
successive ‘part per million” in the scale was larger than the one preceding it, and this effect became
larger as the respective calibration of the sensors increased.

The five number summary statistics for each sensor were plotted against their sensor’s respective
calibration (see right pane of Fig. 2.16). To adjust for the incorrect calibration and its effect of non-
regularly expanding the measurement scale, linear models were plotted for each of the summary statis-
tics (all R? >0.998) and the common point of convergence of the models identified by taking the median
of the intersection coordinates of every possible model combination (n = 10).

For the correctly calibrated sensor (calibrated to 405 ppm when CO, concentration was 405 ppm)
the scale would consist of regular one part per million units. As a common point of convergence was
found between the models of the summary statistics, the rate of the expansion of the CO, measurement
scale of incorrectly calibrated sensors in relation to the correctly calibrated sensor, incorrect measure-

ments could be adjusted so they were closer to being correct.
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Figure 2.16: Assessment and adjustment of data from incorrectly calibrated SenseAir CO, sensor-loggers. In the left and centre
panes, blue represents the correctly calibrated sensor and green, purple, orange and red represent the sensors calibrated to 700,
1000, 2400 and 2700 ppm. Left pane: CO, concentration measured by sensors that were calibrated differently (against ambient
concentration) in a busy office that emptied in the evening. Centre pane: Box plots of the data in the left pane demonstrate that
as calibration increased, the range of measured values increased, and within that range, the measurement scale expanded non-
regularly. Right pane: each vertical group of data points respectively represents the box plot summary statistics for each sensor.
Linear models for the summary statistics (dashed lines; all R? >0.998) converged together at the same point. The cyan points and
lines are used to demonstrate how adjustments were made to the measured values and improve the flux dataset (see Section text
for explanation). The vertical red line represents the point on the z-axis of a properly calibrated sensor where the measurement

scale on the y-axis is completely uniform (1 ppm increments).

To adjust incorrect values measured by sensors that had had their calibration drift due to ABC, two
pieces of information were needed; a) the CO, measurement, and b) the ‘calibration” at which that mea-
surement was made. The ‘calibration” of a sensor was set as the minimum CO, measured by that sensor
on each particular day, which inherently assumes that the lowest value was actually near-ambient ("405
ppm). Although this may not have been absolutely accurate, natural variation in atmospheric CO, was
not expected to fluctuate greatly.

For each sensor, the starting CO, concentration for each flux was plotted against the ‘calibration’
and a linear model constructed from this point, to the point of convergence of the summary statistic

models. The adjusted CO, concentration was taken to be the CO, value when the ‘calibration’, or =
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value, of the model was 405 ppm (see the intersection point of the red and cyan lines in the right pane of
Fig.[2.16). This process was repeated for each end point of each flux. Each flux was then recalculated by
using the adjusted start and end CO, concentration values.

It was possible to test whether the adjusted sensor-logger CO, measurements were accurate: For-
tunately, a correctly calibrated Los Gatos UGGA was used in the field on a few separate occasions to
measure real-time fluxes of CO, and CH, simultaneously with sensor-loggers that had drifted (by dif-
fering amounts) due to ABC.

As the UGGA could confirm that the adjustments made to the data made the concentrations and

subsequent fluxes more accurate, the adjustment was applied to the entire dataset.

Testing the correction for sensor auto-calibration

The Los Gatos UGGA was used in conjunction with the chamber sensors during the post-El Nifio dry
season (PDS) in September 2016 (see Fig. [2.17). These data were valuable for demonstrating that the au-
tocalibration problem associated with the CO, sensors could be solved by the process described earlier
in the chapter (see “Adjusting the data to correct for sensor auto-calibration’).

Over seven sampling days, 37 UGGA-chamber deployments were made. The average minimum
ambient CO, measured by the UGGA over those seven sampling days was 405.1 ppm. The sensors, if
correctly calibrated, would have also measured 405 ppm CO, in ambient air. However, CO, minima
from the sensors over these days were between 1,724 and 1,961 ppm indicating clearly that the calibra-
tion of the sensors had drifted considerably.

For each of the 37 fluxes measured simultaneously in the UGGA-chamber configuration, the max-
imum values of each respective UGGA and sensor flux were obtained. The sensor measurements were
corrected by creating a linear model that passed through the point of convergence of the calibration test
(see right pane of Fig.[2.16), to coordinates where x was the minimum value of the sensor that day (the
assumed calibration), and where y was the value measured by the sensor for that flux. The corrected
value was taken as the y value along the linear model where = was 405 ppm CO, (i.e. what would have
been a correctly calibrated sensor). The corrected data are presented in Fig. left pane) where it is
clear that the maximum drifted values (red) were much higher than the corrected data (black) which

cluster around the 1:1 line (Where UGGA ppm CO, = sensor ppm CO,). The correction was not perfect
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(R? = 0.56) but it effectively scaled the measured CO, values to being similar to those recorded by the
UGGA. One of the reasons for this imprecision would have been that the minimum recorded values from
the sensors may not have been the actual amount of drift in the sensor, but it was the only available data
upon which a correction factor could be produced.

Three sets of CO, fluxes were then calculated for each of the 37 UGGA-chamber deployments; one
set based on measurements by the UGGA, one set from the corrected data, and another for the original
data (see Fig. right pane). As the 37 UGGA-chamber deployments all took place over differing
deployment times, a hypothetical (approximately average) deployment time of six minutes was used
to calculate their values. The absolute values of the fluxes are not important in this instance; the data

present the effectiveness of the improved accuracy and scaling that the correction method achieves.
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Figure 2.17: A scatter plot of CO2 measurements by the sensors, as compared to the UGGA (left pane). In the key (top left), the
sampling days (given in the date form YYMMDD) show the minimum value of CO2 measured by the sensor that day (in brackets).
This value was used to estimate sensor drift. The original sensor data (red) are much higher than CO2 measurements by the UGGA.
When the correction was applied to the sensor measurements, they became much more similar to those measured by the UGGA
(equivalence in highlighted by the blue 1:1 line). CO> fluxes (n = 37) were then calculated for the UGGA, corrected sensor and
measured sensor data (right pane) over a hypothetical 6-minute deployment period. The corrected fluxes were not significantly
different to the fluxes of the UGGA (p = 0.998), indicating that the correction method was effective. However, the orignal measured

fluxes were significantly higher (p = 2.84 x10~9), being nearly double those of the UGGA.

A Welch two sample ¢-test found that the corrected sensor data were not significantly different to the
fluxes measured by the UGGA, and were in fact very similar (¢t = -0.002, df = 67.3, p = 0.998, means =

90.91 and 90.94 ppm-min~" for the UGGA and corrected data, respectively). Conversely it was found
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that the original sensor data produced fluxes significantly higher than the UGGA (Welch two sample
t-test; t =5.15, df = 62.1, p = 2.84 x10~5), where the mean CO, flux calculated from the original data was
nearly twice that of the UGGA (188.1 ppm-min—1).

Being that the sensor drift was so great in these data, with the drift amounts being amongst the
greatest in the entire dataset (see Fig.[2.15), the correction method appears to have been highly effective

in resolving the sensor calibration issue.

2.3.11 Testing for linearity

An R script accessed the spreadsheet data with the start and end points of the fluxes, and reconstructed
the fluxes from the sensor data. Each individual flux was tested for linearity, and all with R? <0.95 were
rejected from the dataset. Rejections due to R? <0.95 were made as a diffusive flux would be expected
to be very close to linear on a timescale of minutes. Non-linear fluxes might suggest deployment or
chamber issues, such as the sampling ports being open (the headspace was not a closed environment) or

the chamber becoming stuck causing significant disturbance to the water surface.

2.3.12 Gas sample analysis
Using an Ultra-portable Greenhouse Gas Analyser in a closed loop configuration

Prior to calculating CO, and CH, fluxes, it was necessary to analyse the atmospheric and dissolved gas
samples. This was done using the UGGA in a closed loop configuration (see Fig. [2.18) based on that

described by Baird et al. (2010).
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Figure 2.18: Annotated image of closed loop used in conjunction with a Los Gatos Ultraportable Greenhouse Gas Analyser. Tygon
tubing loops from the exhaust to the inlet ports of the analyser create a closed circuit and static mix of gas concentrations. A sample
is injected into the loop via the sample inlet port. After a settling period the change in concentration of the gases is recorded. The

exhaust valve is then opened to return the loop to ambient concentrations of gases.

The UGGA is capable of measuring concentrations of CO,, CH, and water vapour (H,O) simultaneously
in real time, with the shortest sampling frequency being 1 s™!. The UGGA uses Off-axis Integrated
Cavity Output Spectroscopy for detecting the gases using two diode lasers of different wavelengths. One
laser (1.5 um) is used to detect CO, and another laser (1.65 ym), CH, and H,O. The lasers are oriented
marginally off-axis with respect to a mirror-lined cavity that the beams and gas enter. The cavity uses
curved, reflective mirrors that reflect the off-axis laser beams thousands of times internally, effectively
making the laser path several kilometres in length (Baer et al., 2002; see Fig. 2.19).
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Figure 2.19: A schematic of the Off-axis Integrated Cavity Output Spectroscopy system used by the UGGA. Samples are injected
into a mirror-lined cavity. The mirrors are curved at the ends to bounce the beams of off-axis lasers for numerous kilometres within
the cavity, allowing for enhanced detection of target gases. The closed loop connects the inlet and outlet ports, creating a closed

system. Edited from schematic found in Baer et al. (2002).

The closed loop was composed of Tygon tubing with two valves inserted, one for exhaust gases, the other
as a sample inlet. In theory, when the valves are closed it creates a closed system where no gases enter or
leave and hence the concentrations of gases being measured by the analyser are essentially unchanging.
These concentrations provide a background level by which to measure change in concentrations when a
sample is injected into the system.

The measurement procedure started with closing the loop and recording the gas concentrations,
along with ambient temperature and pressure. A syringe containing 4 mL of sample was connected
to the loop, the valve opened, sample injected, and the inlet valve closed again. A few seconds were
allowed for the injected gases to mix with the background gases so that a reasonably uniform (+3 ppm)
concentration filled the loop. Once the gases were well-mixed readings were taken of the new CO, and
CH, concentrations in the loop. The exhaust valve was then opened to allow the loop to return to ambient
concentrations. The measurements were taken as parts per million in dry air and hence are equivalent
to microatmospheres (uatm). The process was repeated for each sample, of which there were two main
types; atmospheric and equilibrated samples, respectively. For every 30 samples run on the UGGA,
standards of 0.2, 1.0 and 2.0 % CO, (e.g. 2,000, 10,000 and 20,000 ppm) were respectively measured in
triplicates to ensure there was no significant drift in measurement.

As the loop itself contained air and hence some CO, and CH,, the samples were diluted when they
were injected into the loop. As the loop and sample volumes were known, as well as the start and end
concentrations of the gases in the loop, the concentrations could be calculated by using the equations in

the next section.

Calculating CO; and CH, concentration in the atmospheric and headspace samples

The volume of the sample in the syringe at standard temperature and pressure, Vqm;, (ML), is given by

Psamp 1 (K)
Teamp 101.325 (kPa)

‘/;amp = V;yr . (25)
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where V. is the volume of the syringe (mL), and P and T are respectively the pressure (kPa) and
temperature (K) at the time of sample analysis.
The number of moles in the sample as a proportion of the total within the loop (G.0) is found

using

‘/vsam
Gmot = 103P/VUGGA (2.6)

where Viygga (mL) is the volume of the closed loop that is contained within the UGGA.

The concentration of the gas sample Ciqpp (ppm) is found with

Cini . 106 . Voo
Csamp = (Cend : 106 : (Woop + Gmol) - G,lp/Gmol) . 106 (27)
mol

where Ciiqr¢ and Ce,q are respectively the concentrations of the gas (ppm) before and after the sample
injection as measured by the UGGA, and V},,,, is the volume (L) of the closed loop that is separate to the
UGGA (i.e. the Tygon tubing and valves).

The above calculations were performed for both CO, and CH,. The concentrations of both gases
were then converted to partial pressures. The partial pressure of an individual gas in a sample, Psgmp
(patm), is the pressure that the gas itself exerts as a proportion of the total mix of gases in a given volume.

This was calculated with

Csamp
o 2.8)

Psamp = Pytm -

where Py, is the mean recorded atmospheric pressure (Pa) on the day of sampling.

Calculating CO; and CH, concentration in the equilibrated water samples

Unlike the atmospheric and headspace gas samples which simply had to be run through the closed loop
UGGA to find their CO, and CH, concentrations, the equilibrated samples were a mix of 3:1 water-
air; the samples were diluted by air and this component had to be removed to find the dissolved gas
concentrations in the water.

The number of moles of the target gas (CO, or CH,) in the equilibrated air (ng4) was found using the

Ideal Gas Law which states that

P.V=n-R-T (2.9)
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where P is the pressure (atm), V' is the volume (L), n is the number of moles (mol), R is the Universal

Gas Constant (0.082056 atm-L-K~!-mol~!) and T is the temperature (K). Therefore

(Pea — Paa) - Vs
= 2.10
nga R T (2.10)

where Pp 4 is the partial pressure of the target gas in the equilibrated sample, P4 4 is the partial pressure
of the target gas in the equilibrated air, Vsy is the volume of the syringe headspace and Ty was the
temperature of the water when the sample was taken. Pr4 and P44 were calculated using Equations
2528

The number of moles of the target gas (CO, or CH,) in the equilibrated water (ngw) was found

using
ngw = Pea - Vow - Kg (2.11)

where Vsyy is the volume of the water in the syringe (L), and Ky is Henry’s constant (mol-L™!-atm™1)
which determines the solubility of a gas depending on the temperature and salinity of the water in which
the gas is dissolved. This is a gas-specific coefficient that needed to be calculated respectively for CO,

and CHy, using

100 T T T\
InKyg = A1 + Ay - <T> + Az -In <100> + S <Bl—BQ' <100> + B3 - <100> > (212)

where T is the temperature of the water (K), S is the salinity (%0) and A, Ay, A3, By, By and B3 are
constants for calculating the solubility of the target gas; the constants in Weiss (1974) were used for
CO, and the constants in Weisenburg and Guinasso (1979) were used for CH, (see Appendix Table 7.1).
Measured salinities in the channels were very low (observed range 0.02—0.10 mS-cm™~! or 2—10 %.) and
therefore the second half of Equation 2.12) which accounts for salinity had a negligible effect on the value
of Ky.

With the number of moles known in the gas and water fractions of the syringe, the concentration

of dissolved CO, (Cgw; #tM) in the original channel water was found using

_ nEeA +nEgw (2.13)

C
W Vsw

where ng 4 is the number of moles of CO, in the equilibrated syringe headspace, ngw is the number of

moles of CO, in the equilibrated syringe water and Vgyy is the volume of water in the syringe (L).
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The partial pressure of the target gas in the headspace when at equilibrium with that of the water

(Paq; patm) was found with

c
Pay = ;;V (2.14)

which used the same value for Ky as calculated in Equation[2.12}
As the partial pressures of the dissolved gases were known, the fluxes of the gases could be calcu-

lated.

2.3.13 Use of the Los Gatos UGGA to measure gas fluxes

A Los Gatos UGGA was available for use in the field in the last two field seasons, which took place in
2016; the post-El Nifio dry season (PDS) and early wet season (EWS). Due to time and sampling con-
straints it was only used in PDS.

A chamber was specially modified to for use by the UGGA by drilling an extra hole halfway down
a chamber side into which a septum was fitted. The septum was also drilled with a hole wide enough
to accept Tygon tubing, and therefore this port was exactly the same as used for the sampling port at the
top of the chamber (see ‘Floating chamber design and operation’ earlier in this chapter). The Tygon tub-
ing was removed from the top sampling port, this allowing the chamber to be directly connected to the
UGGA via longer lengths of Tygon tubing (approximately 1.5 m). One piece of Tygon tubing was fitted
from the top sampling port to the analyser inlet (see Gas sample section in this chapter), and the side
sampling port on the chamber was connected to the analyser exhaust on the UGGA. This configuration
created an airflow from the top of the chamber (where the CO, sensor was located) to the analyser, and
the exhaust gases were pumped back by the UGGA into the chamber via the side port. Like the analysis
of gas samples in a closed loop, the system was similarly closed when in operation. The location of the
side port halfway up the side of the chamber was to ensure that water from the channel could not enter
the gas analysis system.

UGGA-chamber deployments could only be made when water flow in the channels was negligi-
ble as the UGGA needed to be connected to the floating chamber by the Tygon tubing. Flowing water
would have required the UGGA to be able to float with the chamber in tandem, in another raft, without
disturbing the chamber or itself getting stuck. This was deemed impracticable as the UGGA was heavy

(15 kg), the tubing connecting the UGGA to the chamber could potentially snag on overhanging vegeta-
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tion, and the UGGA itself was an expensive piece of equipment that would be ruined if the UGGA was
submerged. The UGGA therefore was only useful for measuring real time CO, and CH, fluxes when
channel flow was negligible, so that those measurements could be made from the bank side where the
UGGA could be placed on a solid surface.

Gas flux measurements were made using the UGGA-chamber combination much in the same way
as deploying the chambers normally: the sensor (and UGGA) were set to start measuring and the cham-
ber was gently wafted in the ambient air for 30 seconds; the chamber was then gently lowered on to
the water surface and was left for 6—10 minutes. The data from both the sensor and the UGGA were
retrieved at the end of the day. As the measurements were simultaneous, the CO, data could be com-
pared directly, and the much more accurate UGGA measurements could be used as a quality check for

the measurements of the CO, sensor.

2.3.14 Use of the Los Gatos UGGA to determine CH, fluxes and ebullition

Although the UGGA measured CH, in real time, it was not suitable for making measurements during
normal drifting chamber deployments when the channel water was flowing.

In order to ascertain CH, fluxes in the channels, samples of the chamber headspace from one of
the chambers were taken at the start and finish of each group of chamber deployments. These start and
finish headspace gas samples were then intended to be analysed by the closed injection loop method,
where the difference in concentrations would give the flux over the deployment period.

The diffusive CH, flux could be calculated from the gas exchange velocity determined from the
CO, flux measured by the sensors, and the CH, concentrations in the water, the ambient air and the
chamber headspace at the start of the deployment (which should also approximate ambient air). With
this information the concentration of CH, in the chamber headspace at the end of the deployment could
be calculated. If the end concentration of CH, from the headspace was higher than that calculated from
the diffusive flux, this non-diffusive CH, would have been considered as CH, arising from ebullition.
The gas samples were stored until a field season finished and then shipped back to the UK for analysis.

A serious setback occurred when the UGGA analyser was seriously damaged in transit as a result
of poor handling by the couriers. It was not possible to analyse gas samples for several months after

finishing fieldwork whilst the analyser was sent back to the USA for repairs. As a result, only a small
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fraction of the gas samples collected during the project could be analysed.

A further major problem arose when it came to analysing the chamber headspace gas samples:
it was found that the UGGA in the closed loop set up was not sensitive to near-ambient concentrations
for CH, (and CO,, see Gas sample analysis section earlier in this chapter) and so ebullition could not be
estimated and, therefore, a likely significant part of total CH, flux could not be determined in this study:.

Fortunately, I have taken a post at the University of Nottingham where Dr. Sofie Sjogersten, who
undertakes gas flux research in southeast Asian peatlands, has a laboratory. This laboratory has a gas
chromatograph (GC) that can measure CO,, CH, and N,O simultaneously, and with the sensitivity
needed to measure near-ambient concentrations of these gases. The GC at Nottingham is also fitted
with an autosampler, so that the large amount of samples I have can be analysed. Dr. Sofie Sjogersten
has authorised these gas analyses to take place, and as a result we will also have channel N,O flux data,

in addition to estimates of the ebullitive CH, being emitted from the channels.

2.3.15 Non-linear flux calculation
Linear vs. non-linear fluxes

The simple equations for calculating the diffusive flux of a gas, F, imply that F' is partly determined
by the difference in the concentrations of the gas between the air and equilibration point at the water
surface, i.e. the concentration gradient, AP in Equations2.T|and

However, as the chamber headspace is a closed system and the volume minuscule with respect to
the volume of the supersaturated channel, the concentration in the headspace can change comparatively
quickly with respect to the channel water as there is, in effect, an inexhaustible supply of supersaturated
gas in the water. In other words, the effective gas concentration in the water over time periods of minutes
does not change whilst the headspace concentration significantly increases.

As the headspace concentration increases with time and approaches the concentration in the water,
the concentration gradient decreases and causes the instantaneous flux to decrease with time. In natural
water-air gas fluxes, the atmospheric reservoir is so large that it is not significantly altered at a timescale
of minutes, therefore the instantaneous flux would remain essentially the same. Using headspace mea-
surements and the simple equation in Equation 2.1 will underestimate the gas flux and has led to signif-

icant biases in the reporting of diffusive gas fluxes (Kutzbach et al., 2007). However, a solution was pro-
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vided to account for the constant decrease of the instantaneous flux due to a decreasing AP in Bastviken
et al. (2004) and Cole et al. (2010). Their solution is broken down (as it was performed by my R script) in

the following section.

Calculating the non-linear flux of CO,

For the remaining data the start and end concentrations (ppm) were converted to partial pressures (atm)
using Equation 2.8

Although the equations in this section can be used for CH,, CO, was the only gas measured for
its concentration change in the chamber headspace, and hence was the only gas that could provide a
calculated value for k. Once k was established for CO, it could be found for CH,, and subsequently, the
diffusive flux of CH, from the channels. Calculation of the CH, flux, which used some of the equations
below will be covered in the following section.

C is the difference in partial pressure of the target gas between the water and the air (yatm)
C =Py — Pins (2.15)

where P;,; is the partial pressure of the target gas at the start of the linear flux, and P, is the value
derived from Equation2.14}

Kappa (») is how much the partial pressure of the target gas would change in the chamber
headspace, given a certain concentration gradient, over a defined period of time; as the concentration
of the headspace increases, the concentration gradient decreases, and therefore if k remains constant the

flux will reduce, as stated by Equation  is calculated by

%:—m<RW;aW>/@M—um (2.16)

where P,  is the partial pressure at the end of the linear flux (patm), and t.,q and t;,; are respectively
the end and start times of the linear flux with that duration given in units of days.

The gas exchange velocity (k; m-d—') is a metric of turbulence at the air-water interface, where
higher values of k& will lead to relatively higher rates of gas emissions from the water. This is calculated
with

- %'VCH
Aca - Ku-R-Tcu

(2.17)
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where Vi is the volume of the chamber headspace (L), Acy is the area of the chamber headspace in
contact with the water surface (m?), Ky is Henry’s constant calculated for the temperature of the water
as in Equation and T g is the temperature of the chamber headspace (K).

Finally, the flux (F; g-:CO,-m~2.d 1) of the target gas can be calculated using

F= (]”fggc) -VCH/R-TW (2.18)

which was multiplied by 0.273 (the proportion of the mass of C in a molecule of CO,).

2.3.16 Gap-filling CO, fluxes that didn’t have corresponding dissolved CO; concen-

trations

A total of 2,095 chamber deployments were made in the study. 278 of those deployments could not have
a non-linear flux calculated as equilibrated water samples were not available.
A linear model was constructed from observations where original and non-linear-corrected fluxes

were available (2,095 - 278 = 1,817 observations; see Fig.[2.20).
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Figure 2.20: 1,817 chamber deployments had both non-linear-calculated CO2 fluxes and original linear CO> fluxes. These were
used to construct a linear model. The model equation was used to correct 278 linear fluxes so that the whole CO2 flux dataset

could be used for analysis.

It demonstrated that on average the non-linear fluxes were "8 % higher than the original linear fluxes.

The equation derived from the linear model
y =1.083 -z —0.059 (2.19)
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was applied to those fluxes where the non-linear correction could not be calculated, and where y is the
estimated non-linear flux and z is the linear flux of the observation without a corresponding dissolved
gas sample. This gap-filling process allowed all 2,241 observations to be included in the analysis of CO,

fluxes.

2.3.17 Rejection of the suspect gas exchange velocity (k) values
Converting £ to kgoo

Gas exchange velocities for CO, (kjco,)) were calculated using Equation[2.17] kico,) values were then
converted to kggo which allows exchange velocities to be compared between any gas and at any temper-
ature (Cole et al., 2010). Schmidt numbers (Sc) are dependent on temperature and specific to respective
gases and the subscript of 600 in koo refers to a Schmidt number of 600 which corresponds to CO, at
20 °C, the gas and temperature that & is typically normalised to for comparing & for other gases and

temperatures. As in Cole et al. (2010), this was calculated by

keoo = k’/ <6SOCO> (2.20)

where the exponent n is a diffusion coefficient dependent on turbulence at the boundary layer (Jadhne
and Haussecker, 1998) and Sc is the Schmidt number. n = 0.5 (%) has been used for lakes with low wind

speeds and in riverine CO, flux studies (Cole et al., 2010; Lorke et al., 2015). Sc was calculated using
Sc=A+B-T+(C-T)>+(D-T)*+ (E-T)* (2.21)

where T is the water temperature (°C) and A, B, C, D and E are coefficients of Schmidt number versus
temperature for freshwater and which vary depending on the gas in question (Wanninkhof, 2014; see

Appendix Table 7.2 for the list of constants).

Exclusion of data with suspect & values

Examination of the dataset revealed 103 gas exchange velocities that were excessively high (10—46 m-d 1),
likely indicating a source of error; values of 10—26 m-d~! would be expected in the ocean at high wind
speeds (10—15 m-s~!; Wanninkhof et al., 2009). Similar values were observed for kgyo when chambers

were anchored (which could significantly increase k) in a fast flowing stream (0.4—0.9 m-s~!; Lorke et
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al., 2015).

The 103 outlying gas exchange velocities in this dataset seem very unlikely for slack peatland
streams. These high values consistently occurred at the lowest recorded partial pressures of dissolved
CO, from 3 days of data, all at KALA, and where all values were <1000 patm CO, but the CO, fluxes
measured by the sensors were within the range usually encountered at KALA. This suggested a prob-
lem with the dissolved CO, partial pressure measurements and that these were a source of error. This
error could have arisen as a result of the Los Gatos UGGA losing sensitivity at nearer-ambient concen-
trations. This also appeared to be the case in a study conducted by Baird et al. (2010) which specifically
looked at the precision of the Los Gatos UGGA used in an injection loop set up: all CH, standards over
2.5—times ambient air concentration ("1.9 ppm) were within +5 %, however at “1.4—times ambient, pre-
cision dropped to 24 % (CO, was not investigated, but it is reasonable to assume a similar effect). It was
concluded that the dissolved CO, concentrations were underestimated which gave rise to extreme gas
exchange velocities being calculated. Accordingly, these gas exchange velocities were excluded from the

dataset and analyses.

Ambient atmospheric concentrations were assumed due to UGGA sensitivity issues

The k data provided evidence that the UGGA was losing sensitivity and accuracy at near-ambient con-
centrations when analysing samples in a closed-loop configuration, which was an issue described in
Baird et al. (2010). Measurement of gas standards (described in Section 2.3.8), which were all >2,000
ppm CO,, did not seem to be affected, i.e. the measured concentrations were within 4 5 % of the actual
standard concentrations.

The atmospheric gas samples were expected to be near-ambient atmospheric concentration, but
those that were measured were often approximately 1.5 to 2—times the expected concentration (600—800
ppm). As the atmospheric concentrations were key for calculating the partial pressures of the atmo-
spheric and equilibrated CO, and CH,, it was decided that assuming atmospheric concentrations would
be better than using those determined by the closed-loop UGGA.

Atmospheric CO, and CH, were assumed to be 405 and 1.97 ppm, respectively, and the fluxes

were recalculated as in Section 2.3.9. It was expected that this would make little difference to the cal-
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culated fluxes because of the magnitude of the differences in concentrations between the atmosphere
and the supersaturated water. To test this, fluxes were also calculated with £7 % the assumed ambi-
ent concentrations, i.e. 405+30 ppm CO, and 1.9740.15 ppm CH,. As expected, these upper and lower
estimates made little difference to the CO, and CH, fluxes which were typically within 95—99 % of the
actual assumed ambient concentrations. Therefore, natural variation of CO, and CH, within these upper

and lower amounts would have little difference on the derived fluxes.

2.3.18 Calculation of the methane flux

According to Cole et al. (2010), piston velocities and Schmidt numbers (Sc) are related:

k‘qa81 = (cha81 ) ! (222)

kgas2 SCgasZ

therefore the gas exchange velocity for CH, can be found with

1
SC CcO 2
kicn, = k[coz]/ <[ 2]) (2.23)

Sciony)
where n = 0.5 as in Equation[2.20]

The diffusive flux of CH, was calculated using Equations to 2.18| by substituting values rel-
evant to CHy: kjcp,, the partial pressure of CH, in the water, and Henry’s constant (Kfr) for CH,, the
latter being calculated using Equation2.12]by using the Bunsen coefficients provided in Weisenburg and
Guinasso (1979). The fluxes (g-CO,-m~2-d~') were multiplied by 0.75 (the proportion that C has of the

mass of a molecule of CH,) and 10? for presentation as mg-C-m~—2.d 1.

2.3.19 Statistical analysis

The open source and freely available R language (version 3.0.2 “Frisbee Sailing”; R Development Core
Team, 2013; see http:/ /www.R-project.org) and R Studio (version 1.0.136) environment was used for
all statistical analyses. All data subject to analyses were checked for normality using quantile-quantile
plots prior to choosing a suitable test. As standard, an F' test of equal variances was conducted prior to
selecting a t-test.

Much of the data were non-normal, thus non-parametric tests (such as Wilcoxon’s rank sum test)
were used to compare between land classes. Further, the dataset contained many outliers and there-

ore median values are reported. ect sizes are reported as standard, using Pearson’s r, which was
f d 1 ted. Effect ted tandard P ’ hich
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calculated with:

(2.24)

=] w

where z is the z-score and N is the number of observations, respectively, from the Wilcoxon’s rank sum
test (Rosenthal, 1991).

Where independent ¢-tests were used, Pearson’s r was calculated using;:

2
r=\E g (2.25)

where ¢ is the test statistic and df denotes the degrees of freedom given in the ¢-test (Rosnow and Rosen-

thal, 2005).

2.3.20 Graphical representation of data

The behaviour of individual sites often differed, especially between the intermediately degraded and
severely degraded sites. To highlight this, red box plots were used for the severely degraded site, KALA,
and yellow for the intermediately degraded TAR1 and TUN1. All intact sites (SAB1 to SAB3) were
coloured green.

Analyses were conducted only at a land class level, where green represents the intact land class,
and yellow, the degraded. Statistical significance is indicated with “***, ***" or **’, for probability (p)
values of <0.001, <0.01, and <0.05, respectively. Non-significant results (p >0.05) are indicated by ‘NS’.

All box plots have the number of observations recorded for each site/land class above the box
at the top of the plot. When land classes are compared, the notches about the medians represent an

approximate 95 % confidence interval (C'Iys), calculated using:

IQR
Clos = £1.58 - ——" 2.26
9 n (2.26)

where IQR is the interquartile range and n is the number of observations. This method for calculating

confidence intervals for medians was described in McGill et al. (1978).

2.3.21 Clarification of terminology

This thesis compares the differences between intact and degraded land classes, both of which consist of

three replicate sites or channels. Sites may be used when discussing the catchment, whereas the channels
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refer to the channels draining those sites. In addition, when talking more broadly about the land classes,
in terms of the wider implications (such as what may occur at a landscape scale), peat swamp forest (or
PSF) may be used for convenience, as in, for example, Moore et al. (2013). For clarity, degraded PSF does

not consist of a forest, but rather it indicates its former state prior to degradation.

2.3.22 Sample and data summaries

The following tables present the numbers of samples and measurements taken during the late wet sea-
son (LWS; Table[2.5), El Nifio dry season (EDS; Table 2.6), post-El Nifio dry season (PDS; Table and
early wet season (EWS; Table[2.8). In reference to the table headers: ‘Deps’ refer to the total numbers of
chamber deployments, but does not represent the data used for analysis; ‘CO,” refers to the number of
CO, measurements analysed in this thesis; ‘CH,’ refers to the number of CH, calculations analysed in
this thesis; “Air hi’ refers to the number of atmospheric gas samples, the number of samples used in anal-
yses is in brackets; ‘Air lo’ refers to the number of gas samples taken near the water surface, the number
of samples used in analyses is in brackets; ‘Diss gass’ refers to the number of dissolved gas samples
taken, the number of samples used in analyses is in brackets; ‘Head’ refers to the number of chamber
headspace gas samples taken, the number of samples used in analyses is in brackets; “TOC’ refers to the
number of water samples taken that were analysed for DOC concentration using the TOC analyser, the
number of samples used in analyses is in brackets; ‘T (air)’ refers to the number of air temperature mea-
surements analysed in this thesis, ‘P (air)’ refers to the number of air pressure measurements analysed
in this thesis; ‘T (H2O)’ refers to the number of water temperature measurements analysed in this thesis;
‘DO’ refers to the number of dissolved oxygen measurements analysed in this thesis; ‘EC” refers to the
number of electrical conductivity measurements analysed in this thesis; and ‘Other” notes when other
data were collected whereby ‘MS’ represents molecular sieve deployment/retrieval, ‘UGGA’ represents
the use of the Los Gatos UGGA and ‘DOC’ represents DOC quality (aromaticity) measurements with the
spectrophotometer. In some instances a record of the actual number of samples taken was not available,
such cases are marked with ‘?’.

Totals are provided in Table
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Table 2.5: Daily totals of measurements and samples taken during LWS, but if there was a difference between the number collected

and the number used in analyses the latter are in parentheses. The date is given as YYMMDD.

Date Site Deps COy CHy Air hi Air lo Diss gas Head TOC T (air) P (air) T (H20) DO EC Other
150406 SAB2-3 0 0 0 13 (0) 0 13 (12) 0 0 0 0 0 0 0

150409 KALA 0 0 0 25 (0) 25 (0) 20 (20) 0 0 0 0 0 0 0

150410 SAB1 0 0 0 7(0) 0 7(7) 0 0 6 6 6 0 0

150413 KALA 10 10 10 12 (0) 0 12 (6) 11(0) 6 (6) 12 12 14 0 0

150414 TAR1 10 0 0 7(0) 0 7(7) 6(0) 5(5) 6 6 7 0 0

150415 SAB1 25 25 25 5(0) 0 5(5) 5(0) 5 (5) 10 10 10 0 0

150417 SAB2 25 25 25 10 (0) 0 10 (5) 10 (0) 6(6) 9 9 8 8 0

150418 SAB3 15 15 15 6(0) 0 6(3) 6(0) 5(5) 5 5 5 5 0

150423 KALA 30 30 30 12 (0) 12(0) 12 (6) 12 (0) 8(8) 12 12 12 12 0

150424 SAB1 20 20 20 4(0) 0 4(4) 0 5(5) 3 3 3 3 0

150425 KALA 26 26 26 7(0) 7(0) 7 (4) 7(0) 0 4 4 4 3 0

150427 SAB2 19 19 19 8(0) 8(0) 8(4) 8(0) 5(5) 8 8 8 8 0

150428 SAB3 30 30 30 12 (0) 12 (0) 12(6) 12 (0) 10 (10) 7 7 11 11 0

150503 TUN1 5 5 5 5(0) 0 20 (20) 0 5(5) 5 5 11 11 0

150504 TAR1 7 0 0 7 (0) 0 28(28) 0 7(7) 7 7 7 7 0

150505 SAB1 15 15 15 6(0) 6(0) 6(3) 6(0) 3(3) 3 6 5 5 0

150508 SAB2 23 23 23 12 (0) 12 (0) 12 (6) 10 (0) 10 (10) 12 12 12 12 0

150509 KALA/SAB1-3 0 0 0 0 0 0 0 0 0 0 0 0 0 Ms
150510 TUN1 0 0 0 0 0 0 0 0 0 0 0 0 0 Ms
150511 TAR1 0 0 0 5(0) 0 15(15) 0 2(5) 0 0 0 0 0 Ms
150512 SAB3 0 0 0 13 (0) 0 39 (39) 0 13 (13) 13 13 13 13 0

150517  KALA 12 12 12 10 (0) 10 (0) 10 (5) 10 (0) 5 (5) 10 10 10 10 0

150518 TAR1 15 0 0 6(0) 0 18 (18) 0 7(7) 5 5 6 6 0

150519 TUN1 18 18 18 6(0) 0 18 (18) 0 6(6) 6 6 6 6 0

150522 SABI 0 0 0 0 0 40 (40) 0 0 0 0 0 0 0

150525 SAB2 24 24 24 8(0) 8(0) 8(4) 8(0) 5(5) 3 3 4 4 0

150526 SAB2 34 34 34 12 (0) 8(0) 12 (8) 8(0) 9(9) 4 4 5 5 0

150527 KALA 22 22 22 10 (0) 8(0) 10 (6) 8(0) 8(8) 9 9 7 9 0

150528 TUN1 18 18 0 18 (0) 0 18 (0) 0 6(6) 6 6 6 6 0

150529 KALA 45 45 0 9(0) 0 9(0) 0 5(5) 9 9 4 4 0

150603 SAB1 25 25 0 10 (0) 10 (0) 10(0) 10 (0) 5(5) 2 3 4 4 0

150604 TAR1 36 36 36 0 0 0 0 3(3) 7 7 4 3 0

150605 TUN1/TAR1 0 0 0 0 0 0 0 0 0 0 0 0 0 MSs
150606 KALA/SAB1-3 0 0 0 0 0 0 0 0 0 0 0 0 0 Ms
150607 KALA 45 45 0 9(0) 0 9(0) 0 0 7 7 0 0 0

150608 KALA 30 30 0 7(0) 0 7 (0) 0 0 8 8 0 2 0

150612 KALA 27 27 0 10 (0) 0 10 (0) 0 7(7) 0 0 0 0 0

150613 SAB3 34 34 0 12 (0) 12 (0) 12 (0) 12 (0) 6 (6) 8 8 9 9 0

150614 SAB1 20 20 0 12 (0) 6(0) 24 (0) 6(0) 9(9) 12 12 12 12 0

150615 TAR1 35 35 35 0 0 0 0 10 (10) 7 7 9 7 0
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Table 2.6: Daily totals of measurements and samples taken during EDS, but if there was a difference between the number collected

and the number used in analyses the latter are in parentheses. The date is given as YYMMDD.

Date Site Deps COq CHy Air hi Airlo Diss gas Head TOC T (air) P (air) T (H20) DO EC Other
150723 SAB1 33 33 33 ? ? ?2(3) ? ?(5) 6 6 13 13 0
150725 KALA 15 15 15 ? ? ?(3) ? ? (5) 6 6 5 5 0
150726 SAB2 23 23 23 ? ? 2(3) ? 2 (5) 5 5 9 9 0
150727 SAB3 30 30 30 ? ? ?.(6) ? 2 (6) 12 12 12 11 0
150728 TAR1 30 30 30 ? ? ?.(6) ? ?(6) 4 4 4 4 0
150729 TAR1 30 30 30 ? ? ? (6) ? ? (10) 4 4 10 10 0
150808 TUN1 0 0 0 ? ? ?(0) ? ?7(1) 0 0 0 0 0
150816 SAB1 22 22 22 ? ? ?2(3) ? ? (6) 4 4 4 4 0
150820 KALA 34 34 30 ? ? ?2(3) ? ? (10) 2 2 1 1 0
150821 SAB2 20 20 20 ? ? ?2(3) ? ? (10) 5 5 6 6 0
150823 BAH1 30 0 0 ? ? 2(0) ? ?(10) 6 6 10 10 0
150824 TAR1 30 30 30 ? ? ?.(6) ? ?(10) 6 6 6 6 0
150825 SAB3 28 28 28 ? ? ?2(5) ? 29 5 5 7 7 0
150828 SAB2 30 30 30 ? ? ?(4) ? 2 (6) 6 6 6 6 0
150829 KALA 61 61 61 ? ? ?.(6) ? ? (10) 5 5 3 6 0
150831 SAB1 19 19 19 ? ? ?2(3) ? ?(5) 3 3 3 3 0
150907 SAB3 28 28 28 ? ? 2(3) ? 2 (5) 4 4 8 8 0
150908 TUN1 8 8 8 ? ? ?.(6) ? ?(5) 3 3 3 3 0
150909 BAH1 6 0 0 ? ? 2(0) ? 2 (5) 3 3 3 3 0
150910 TAR1 0 0 0 ? ? ?(5) ? 2 (6) 4 4 5 5 0
150912 TAR1 29 29 29 ? ? ?.(6) ? ?(6) 6 6 3 3 0
150913 KALA 12 12 12 ? ? ?(6) ? ?(0) 3 3 3 3 0
150928 TAR1 0 0 0 ? ? ?(0) ? ?2(1) 3 3 3 3 0
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Table 2.7: Daily totals of measurements and samples taken during PDS, but if there was a difference between the number collected

and the number used in analyses the latter are in parentheses. The date is given as YYMMDD.

Date Site Deps COp  CHy  Airhi  Airlo  Dissgas Head TOC  T(ir) P(ir) T(Hg0) DO  EC  Other
160815  KALA 15 15 15 6(0) 6(0) 6(3) 6(0) 0 3 3 2 2 0

160819  SABI 34 34 34 6(0) 6(0) 6(3) 6(0) 6(6) 6 6 6 6 6

160820  SAB3 35 35 35 9(0) 9(0) 9(4) 6(0) 6(6) 4 4 3 6 6

160821  KALA 15 15 15 6(0) 5(0) 6(3) 6(0) 3@ 4 4 3 3 3

160822 SAB2 0 0 0 6(0) 6(0) 6(0) 6(0) 3@ 0 0 0 0 0

160825  SAB2 34 34 34 0 0 303) 0 0 3 3 3 3 3

160826  BERI 23 23 23 6 (0) 4(0) 10 (8) 4(0) 6(6) 5 5 5 5 5

160827 TARI 30 30 30 6(0) 4(0) 10(8) 40) 6(6) 6 6 4 4 4

160830  SUNI1 40 0 0 8(0) 4(0) 8(8) 40) 88 8 8 8 8 8

160831  BERI 30 30 30 6(0) 6(0) 6(3) 6(0) 3@ 6 6 6 6 6

160901  SEB1 34 34 34 9(0) 6(0) 9(6) 7(0) 76) 5 5 5 5 5

160902  KALA 20 20 20 2(0) 2(0) 2(1) 2(0) 3@ 2 3 3 3 3

160905  SEB3 30 30 30 0 0 2(6) 0 6(6) 3 3 3 3 3

160906 TAR1 30 30 30 8(0) 8(0) 8 (4) 8(0) 6(6) 5 5 5 5 5

160907 BERL 30 30 30 0 0 23) 0 3@ 6 6 6 6 6

160908  SUNI1 37 0 0 0 0 14(0) 0 28 8 8 8 8 7

160920 SABI 4 4 4 2(0) 0 2(2) 0 202 4 4 2 2 2 UGGA
160921  SABI 33 33 33 3(0) 0 303) 0 3@ 10 10 4 4 4 UGGA
160922 SAB2 26 26 26 3(0) 3(0) 303) 0 3@ 10 10 4 4 4 UGGA
160923 SAB3 30 30 30 3(0) 3(0) 303) 0 3@ 9 9 3 3 3 UGGA
160926  SUN1 9 0 0 3(0) 3(0) 303) 6(0) 3@ 7 7 5 5 3 UGGA
160928  KALA 19 19 19 ? ? 23) ? 2@ 5 5 4 3 2 UGGA
160929  KALA 20 20 20 ? ? 2(6) ? O] 5 3 4 2 UGGA
161009  BERI 15 15 15 ? ? 23) ? 20 3 3 3 0 3

161011 TARL 30 30 30 ? ? 23) ? 200 6 6 6 0 6

161012 SAB2 30 30 0 ? 2 23) ? 200 6 0 6 0 6

Table 2.8: Daily totals of measurements and samples taken during EWS, but if there was a difference between the number collected

and the number used in analyses the latter are in parentheses. The date is given as YYMMDD.

Date Site Deps COo CHy Air hi Air lo Diss gas Head TOC T (air) P (air) T (H20) DO EC Other
161101 SAB1/KALA 0 0 0 0 0 0 0 6 (4) 0 0 0 0 0 DOC
161104 SAB1/KALA 0 0 0 0 0 0 0 6 (4) 0 0 0 0 0 DOC
161110 SAB1/KALA 0 0 0 0 0 0 0 6(4) 0 0 0 0 0 DOC
161121 SAB1/KALA 0 0 0 0 0 0 0 6(4) 0 0 0 0 0 DOC
161122 SAB1 39 39 39 ? ? ?(3) ? ?(0) 5 5 4 0 4

161123 KALA 20 20 20 ? ? 2 (6) ? 6(0) 12 12 6 0 6

161124 SAB3 39 39 39 ? ? ?(4) ? ?(0) 5 5 4 0 4

161126 SUN1 30 0 0 ? ? ?(6) ? 6(0) 6 6 6 0 6

161127 SAB2 29 29 29 ? ? ?4) ? 2 (0) 4 4 4 0 4

161128 BER1 45 45 45 ? ? ? (6) ? ?(0) 9 9 5 0 6

161129 TAR1L 45 45 45 ? ? 2 (6) ? 2 (0) 9 9 9 0 9

161130 SAB1/KALA 0 0 0 0 0 0 0 6 (4) 0 0 0 0 0 DOC
161203 BER1 45 45 45 ? ? ? (6) ? 2(0) 9 9 9 0 9

161204 SAB2 60 60 60 ? ? ?(8) ? 2 (0) 12 12 13 0 13

161206 TAR1 45 45 45 ? ? 2 (6) ? 2(0) 9 9 9 0 9

161208 SUN1 24 0 0 ? ? 2 (6) ? 2(0) 6 6 6 0 6

161210 KALA 30 30 30 ? ? 2 (6) ? ?(0) 6 6 6 0 6
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Table 2.9: Summary of total numbers of measurements, and the number of those measurements that were used for analyses in this

thesis. At the time of compiling a complete list of the samples was not available, except those that had been analysed. As many

samples would have been collected, a much greater than sign > is used to indicate that the the total number of samples may

have been approximately 50—100 % higher than the value given.

Measurements/samples Table header Total Used in analyses
Chamber deployments Deps 2,303 2,095
CO2 fluxes CO2 2,095 2,095
CHy fluxes CHy 1,817 1,817
Atmospheric air samples Air hi >39 0
Near-surface air samples Air lo >219 0
Dissolved gas samples Diss gas > 534 561
Headspace gas samples Head >228 0
Dissolved organic carbon (quantity) TOC > 386 434
Dissolved organic carbon (quality) Other - DOC 20 20
Air temperature measurements T (air) 558 558
Air pressure measurements P (air) 557 557
Water temperature measurements T (H2O) 537 537
Dissolved oxygen measurements DO 409 409
Electrical conductivity measurements ~ EC 187 187
UGGA measurements Other - UGGA 37 37
Molecular sieves Other - MS 21 12
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Abstract

Tropical peatlands contain a disproportionately large amount of carbon (C) in their soils, per unit area,
compared with temperate peatlands. Significant amounts of tropical peatland have been deforested and
drained in recent decades. This degradation can fundamentally disrupt the hydrology and C storage
capacity of these ecosystems. Peat swamp forest, which often acts as a C sink, is particularly vulnerable
to degradation whereby degraded areas have become a globally significant C source; petagrams of C
have been lost from degraded Indonesian peatlands alone since the 1990s. Several terrestrial peat swamp
forest CO, emission studies exist, yet fluvial emissions studies are scarce despite peat-draining channels
being a significant loss pathway for terrestrial C. Losses can occur due to translocation of dissolved
and/or particulate C to rivers and oceans, or by in-stream degradation of C substrates, whereby the
resultant CO, can be released directly to the atmosphere. This is the first study of seasonal CO, emissions
from channels draining intact and degraded peat swamp forest. Both intact and degraded channels were
supersaturated with CO,. The intact channels contained >13,000 patm in the wet season, "2—times as
much as the degraded channels. The intact channels had low dissolved oxygen concentrations (possibly
indicating high rates of heterotrophy), but much CO, could have arrived via lateral flows, owing to the
higher water table. Dissolved CO, dropped “50 % at both channel types in the dry season. CO, emission
was driven by supersaturation rather than by gas exchange velocities. Despite intact channels emitting
twice as much CO, per unit area than degraded channels (medians = 4.68 and 1.81 g-=C-m~2.d~! in wet
and dry seasons, respectively), the degraded channels had a greater areal extent and therefore potentially
emit more in total. Further, the intact channels were cycling recently photosynthesised C, whereas CO,

emitted by degraded channels was several centuries old.

3.1 Introduction

Peatlands, including tropical peat swamp forests, are recognised as globally important stores of C, most
of which is millennia old (Limpens et al., 2008). Peatlands typically form in wet climates where rainfall
is sufficient to maintain the water table near or above the surface for significant periods of the year. The
high water table acts as a barrier to oxygen and this considerably restrains aerobic breakdown of C-rich

soil organic matter. Anaerobic breakdown, which is not oxygen dependent, is the dominant pathway
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of soil organic matter degradation in most naturally functioning peatlands. As anaerobic breakdown
is a much slower degrading process than aerobic breakdown, accumulation of soil organic matter may
exceed degradation causing soil C stocks to increase with time (Rydin and Jeglum, 2006).

Globally, peat soils hold 485—745 Pg-C (see Chapter 1). Tropical peatlands represent 14—17 % of
C held in peat soils, globally. Approximately 54 % of tropical peat C is found in Indonesia, mostly in the
peatlands of Borneo and Sumatra. Considering that Indonesian peatlands make up just 5.2 % of global
peatland area (207,000 km? of 3,970,000 km?; Page et al., 2011), they contain a disproportionately high
amount of C compared to other peatlands.

Tropical wetlands (including peat swamp forest) are globally significant not just for the C they
contain but also the greenhouse gases they accumulate and emit. They naturally act as a globally impor-
tant sink for carbon dioxide (COs), storing it as soil organic matter, and in so doing contribute to cooling
the climate. (Limpens et al., 2008; Yu et al., 2011; Page and Baird, 2016).

Degradation of peat swamp forest, for example as a result of deforestation, drainage and fire, re-
sults in the release of globally significant quantities of greenhouse gases to the atmosphere as a result
of both peat oxidation and combustion. Fires resulting from the 1997 and 2015 El Nifio events released
2.97-9.43 and 0.89 Pg-CO,-equivalents, respectively (Lohberger et al., 2017). In Southeast Asia, peat
swamp forest degradation is a consequence of land use change which is occurring on a large and rapid
scale (Hergoualc’h and Verchot, 2014; Miettinen et al., 2017).

Land use change of peat swamp forest generally requires removal of the forest vegetation, and
drainage by cutting channels through the peat. These channels drain the large amounts of water that
would otherwise be stored in and/or reside above the peat for significant periods in the year (Wulffraat
et al., 2017). Without water acting as a barrier to prevent oxygen from entering the peat, aerobic break-
down can take place. Once the peat begins to oxidise and degrade, previously stored C can be released
to the atmosphere (Couwenberg et al., 2010). As a result of this drop in water table, previous sinks and
stores of C are becoming significant sources (Miettinen et al., 2017).

In some instances, such as the ex-Mega Rice Project in Central Kalimantan, Borneo, degradation
was so extreme the land had to be abandoned; the channels adversely affected the water table so that the
land became prone to seasonal flooding and fires during the wet and dry seasons, respectively. These

seasonal extremes appear to prevent natural forest regeneration and what secondary forest has managed
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to establish is of a different ecological composition due to the severely altered hydrological conditions
(Page et al., 2009b). As the hydrology and ecological communities are altered in degraded peat swamp
forest, this leads to significant changes in ecosystem biogeochemistry indicating that there has been a
significant change to the way C is cycled with respect to intact peat swamp forest. Similarly, land con-
verted for e.g. oil palm also alters peat swamp forest C chemistry (Materic et al., 2017; this study used
DOC samples I took from my sampling sites).

Degradation of peat swamp forest is known to significantly impact C export to channels, affect-
ing the quality and quantity of dissolved and particulate organic carbon (DOC and POC, respectively;
Moore et al., 2013; Evans et al., 2014; Evans, 2015). Studying channel geochemistry can therefore be an
effective way of assessing changes to ecosystem functioning following disturbance (e.g. Moore et al.,
2013; Materi¢ et al., 2017).

As the channels drain comparatively large areas of peatland compared to the actual channel area
itself, they receive a lot of organic and inorganic material from the surrounding catchments; as water
passes over and through the peat volume it entrains DOC and POC, inorganic nutrients, enzymes and
microbes (Cuffney, 1988). Analysing the quality and quantity of these ecosystem products, and the dif-
ferences between waters that drain intact peat swamp forest and degraded peat swamp forest could,
therefore, provide information on the ecological and biogeochemical changes that take place in a peat
swamp forest catchment when it is disturbed (Materi¢ et al., 2017), particularly in terms of ecosystem C
balance (Moore et al., 2013). Overland and through-flows of water on and in the peat will also entrain
dissolved gases such as CO, and deliver them to the channels.

Moore et al. (2013) found that degraded peat swamp forest was losing “50 % more total organic
carbon (DOC and POC) via its drainage channels than intact peat swamp forest. Further, radiocarbon-
dating of the DOC demonstrated that the average radiocarbon age of degraded peat swamp forest
DOC was ancient and had originated from deep peat layers <5,000 years-old), whereas the intact peat
swamp forest DOC was modern and had been recently photosynthesised. DOC from deep peat layers
remains mostly in long-term storage in an intact peat swamp forest system, but degradation, in particu-
lar drainage, was shown to mobilise old C from deep within the peat column.

With increased delivery of DOC and POC to channels following peat swamp forest disturbance

and degradation, it is possible that emissions of CO, could increase if the material being delivered is
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readily degradable (Lapierre et al., 2013; Butman et al., 2015). River and stream systems have frequently
been shown to be significant sources of greenhouse gases such as CO, and CHy; this is particularly the
case for peat-draining streams which can be supersaturated with CO, and CH, (Billett and Moore, 2008).
Similar studies have not yet been conducted in intact and degraded peat swamp forest, but as the streams
and rivers draining these landscapes are a significant part of local to global-scale C cycling, we therefore
have an incomplete picture of peat swamp forest catchment scale C cycling.

Fluxes of C are known to vary according to season. The climate in Indonesia is, like many countries
within the Intertropical Convergence Zone, categorised into distinct wet and dry seasons. The frequency
and intensity of rains varies greatly throughout the year, with the majority of total annual rainfall, 92—95
%, falling during the wet season (Moore, 2011). In most wet season months, rainfall in the study location
in southern Borneo exceeds 300 mm, whereas in the dry season it can fall below 100 mm per month
(Hooijer et al., 2008).

Net water input (rainfall minus evapotranspiration) has a direct effect on how much water is
present in a peat swamp forest catchment and its associated waterways, including channels. In turn, the
position of the water table relative to the peat surface will affect the biogeochemistry of the peat with
several investigations having detected seasonal effects on C emission and export in response to the rise
and fall of the water table (Hirano et al., 2007; Jauhiainen et al., 2008; Jauhiainen and Silvennoinen, 2012;
Moore et al., 2011, 2013). It is therefore important to capture this seasonal variation if accurate estimates
are to be made of annual fluxes of CO,. Water flow over and through the peat is key to delivering dis-
solved CO, and DOC that can subsequently be broken down in-stream to produce further CO,. As such,
a seasonal variation in channel fluxes is expected, with the highest emissions occurring in the wet season
when delivery of terrigenous DOC and CO, is at its highest rates. In the dry season, less delivery can take
place and may be restricted to mostly groundwater flows through the peat. Further, water drawdown in
the peat soil of degraded peat swamp forest is likely to be much greater than in intact peat swamp forest
which could have two affects on CO, emissions from the channels: a) the volume of wetted peat adjacent
to the channel could be smaller in degraded peat swamp forest, meaning there is a smaller total reservoir
of DOC and CO, that could act as a source to the channel; and b) DOC being leached from deeper layers
of degraded peats owing to the lower water table is more likely to be resistant to breakdown, both in the

peat and in-stream.

124



This study aims to quantify how much CO, is contained in waters within channels draining intact
and degraded tropical peatland, and how much is being emitted to the atmosphere. It will compare
land uses (land classes) using intact peat swamp forest as a baseline in order to for establish how land
use change in the form of deforestation and drainage affects the emission of these important greenhouse
gases. The changes in CO, fluxes will be attributed to some of the physicochemical changes that result
from seasonal differences, as well as deforestation and drainage. Finally, using radiocarbon dating, it will
determine the source of the CO, it is emitting; whether that C is recently photosynthesised and suggests
a peat swamp forest C sink, or whether is old and comes from previously stored C in the peat. The latter
would provide further evidence that degradation of peat swamp forest causes it to become a source of
ancient CO, to the atmosphere, just as Moore et al. (2013) found that degraded peat swamp forest was

releasing large quantities of ancient DOC to the channels draining them.

3.1.1 Hypotheses
Peat swamp forest environment and biogeochemistry

* Hy: Intact and degraded peat swamp forest are fundamentally the same in terms of their environ-

mental conditions and biogeochemical functioning that drive CO,fluxes.

e H;j: Deforestation and drainage of peat swamp forest fundamentally alters the environmental con-
ditions and biogeochemical functioning in such a way that, in comparison to intact peat swamp
forest, C cycling and emission of CO, is altered (see below).

Carbon dioxide emissions

e Hj: CO, emissions are the same from channels draining both intact and degraded peat swamp

forest, in both wet and dry seasons.

* H; ;: CO, emissions are higher from channels draining intact peat swamp forest as an intact forest

is more metabolically active than deforested peat swamp forest.
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Radiocarbon age of dissolved CO,

¢ Hy: 1“C-enrichment of dissolved CO, is the same for channels draining both intact and degraded

peat swamp forest. A modern radiocarbon signature would suggest an age less than “70 years.

* H;: The dissolved CO, of the intact channels will have a modern radiocarbon age. Dissolved CO,
in the degraded channels will have a 4C-enrichment lower than 100 %, and hence will be ‘pre-

modern’, and likely hundreds to thousands of years old.

3.2 Materials and Methods

3.2.1 Study sites and sampling periods

The study sites were located in the province of Central Kalimantan, Indonesia. Of all the Indonesian and
Malaysian provinces in Borneo, Central Kalimantan has the largest area of extant peat swamp forest; "4
Mha, of which >1 Mha has been degraded (Wulffraat et al., 2016). South and southwest of the provincial
capital, Palangkaraya, are two large expanses of respectively intact and degraded peat swamp forest.
The intact and degraded peat swamp forest is separated by the Sabangau River which runs south to the
Java Sea. Both areas historically formed a continuous peat swamp forest ecosystem (de Vries, 2003).
Three ex-logging channels were sampled in intact peat swamp forest, in the Sabangau National
Park, west of the Sabangau River. Light, selective logging activities occurred in the forest in recent
decades, but the channels that were dug are comparatively small and do not greatly affect the water
table of the forest peat dome throughout a year (Moore, 2011). The three channels are designated as
‘SABY’, ‘SAB2’ and ‘SAB3’, respectively. They are 100s—1000s m long and reach part-way towards the
centre of the peat dome, extending eastwards through the forest before discharging into the Sabangau

River (Moore, 2011; see Fig. .
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Figure 3.1: Map of the sampling region in Central Kalimantan, Indonesian Borneo. The provincial capital, Palangkaraya, is labelled.
Wet season sampling locations are shown in light blue and dry season sampling locations in yellow. These do not indicate the extent
of the channels, only the sampling locations. Much greater stretches of the channels were accessible during the late wet season,
whereas the channels dried up to their downstream portions or even to puddles in the dry season. The intact Sabangau Forest

National Park and degraded Mega Rice Project Block ‘C’ lie on opposite sides of the Sabangau River. (Source map (© 2017 Google.)

North and east of the Sabangau River is a large expanse of degraded peat swamp forest. The peat swamp
forest was deforested and drained for the now-defunct Mega Rice Project and is known as ‘Block C’, the
largest of the five designated blocks of the ex-Mega Rice Project (Rais and Ichsan, 2008). Block C varies in
terms of the length and depth of the channels that were constructed to drain this peatland, but in all cases
they are much larger than those in the intact forest (Rais and Ichsan, 2008). The largest of the channels
in the degraded peat swamp forest in the study, located in the Kalampangan (KALA) area, have the
greatest impact on hydrological regulation of the catchment. The other degraded channels at Tarunajaya
(TAR1) and Tumbangnusa (TUN1) are smaller and have less of an impact on catchment hydrology. As

such, as the size, particularly the depth, of the channels increases, so does the hydrological impact and
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degree of degradation to the surrounding catchment increase (Moore et al., 2013).

As described by Moore (2011) and Moore et al. (2013), TAR1 and TUN1 were considered to have
undergone intermediate levels of degradation and were drained by intermediate-sized channels. The
channels at TAR1 and TUNI1 both discharge into the Kahayan River. The third degraded site, KALA, is
more severely degraded as it has a very large 12 km-long channel running through the centre of —and
significantly draining— two peat domes (see Chapter 2). The Kalampangan Canal reaches from the
Kahayan River at its north east end to the Sabangau River at its south west end but does not directly
discharge into these rivers. Running parallel to the ends of the canal and on both sides there are ‘feeder
channels’ that receive water from the canal and discharge it into the rivers (Moore, 2011; see Fig. and
see Fig. [2.6]in Chapter 2). Sampling was only conducted at the Sabangau end of the Kalampangan Canal
catchment; both feeder channels were used for sampling and because they drain the same catchment

(Moore et al., 2013), and are referred to singularly as one site, KALA.

Canal

(Seutihwest) \

Figure 3.2: The Kalampangan Canal at KALA does not discharge its waters directly into the rivers at either of its ends. This is an
aerial of the southwest end of the Kalampangan Canal showing the feeder channels that run parallel to, and drain, the canal. Here
the feeder channels connect to the Sabangau River, and in the northeast end they connect to the Kahayan River. Both rivers flow
southeast to the Java Sea. (Source map (© 2018 Google.)

The six sampling sites (SAB1—-SAB3 at the intact land class and TAR1, TUN1 and KALA at the degraded

land class) were visited in a randomised rotation throughout the sampling period, i.e. a rotation would
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include all sites, but the order of the sites would change between rotations. One site would be visited per
day. The sampling periods occurred in the late part of wet season and the dry season of 2015. The dry
season sampling occurred from July to September 2015, during the severe El Nifio, which exacerbated a
very low rainfall anomaly and conditions were unusually dry (Jiménez-Mufoz et al., 2016; L'Heureux et
al., 2017). Fieldwork eventually had to be abandoned due to a national emergency being called by the
Indonesian government as a result of the forest and peatland fires and accompanying extreme levels of
air pollution (Koplitz et al., 2016).

The intact sites were accessed by foot in both seasons, as were the degraded sites in the dry sea-
son. During the wet season, the degraded sites could be accessed by boat and therefore a much greater

coverage of the channel was possible (see Fig.[3.1).

3.2.2 Sampling methodology
Field measurements

Floating chambers were used to measure CO, fluxes from the channel surface (see Materials and Meth-
ods chapter for detailed descriptions of construction and deployment). Floating chambers have mostly
been used to measure freshwater gas fluxes in lentic systems where it is common practice to anchor
them in position (e.g. Cole et al., 2010). As the channels in this study were flowing, anchoring the cham-
bers would likely have caused significant disturbance to the water, resulting in artificially enlarged gas
emissions (Lorke et al., 2015). This study employed a novel design of floating chamber whereby battery-
powered CO, sensors were installed into the chamber roof, allowing the floating chamber to move freely
with the channel current, i.e. they could drift. As the chamber could drift in the channel, artificially
enlarged fluxes due to water disturbance by the chamber were minimised (Lorke et al., 2015). The CO,
sensors were SenseAir ELG sensor-loggers were set up as described in Bastviken et al. (2015), with the
smallest measurement interval set at 2 min~!. Chamber deployments consisted of five chambers being
drifted for 5—-10 minutes, depending on water flow velocity. Six deployments were typically made in a
day, meaning that “30 individual fluxes were obtained per day. The data were plotted and each flux had
a linear portion (R? > 0.95) identified at the start of the measurement period.

Dissolved gas samples were gathered by 2-minute syringe equilibration of a mix of 1:3 atmo-

spheric air and channel water sampled from the top 10 cm of the channel, and samples of the channel
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water were taken from the top 10 cm of the channel for analysis of total organic carbon (as described
in Chapter 2). Environmental measurements of air temperature, air pressure, water temperature, pH,
electrical conductivity and dissolved oxygen were taken by handheld probes as described in Chapter 2
(section 3.2). In this study a handheld anemometer was used to measure wind speed. The wind direc-
tion was ascertained by using smoke, and measurements were conducted for 1 minute after which an
average over that period was calculated. Water velocity measurements were taken using a Valeport 002
electromagnetic current meter, if the channel was sufficiently deep enough to accommodate the impeller
(> 25 cm; in the dry season the water level was often too low). The impeller was inserted facing the
flow of the water and averages were taken from 1-minute deployments. The sensitivity of the probe was

restricted to 0.046—5.0 m-s—!.

Laboratory measurements

Dissolved gas samples were analysed at the Open University, Milton Keynes, UK, using a Los Gatos
Ultra-portable Greenhouse Gas Analyser (UGGA) and the injection loop method described by Baird et
al. (2010). Partial pressures of the original dissolved gases were calculated by accounting for the dilution
of ambient air during equilibration (see Chapter 2).

Total organic carbon was analysed by a Shimadzu TOC-V¢py at the Open University, and DOC
aromaticity was measured at the field station using a Cole-Parmer UV /visible spectrophotometer (230

VAC, 50 Hz), as described in Chapter 2.

Radiocarbon deployment and analysis

To establish the radiocarbon ages of the dissolved CO, in each of the channels, three molecular sieve car-
tridges were deployed in each the channels for one month during the latter part of the wet season. The
functioning and use of the molecular sieve cartridges is described in Garnett et al. (2012) and Chapter 2.
Once the molecular sieve cartridges had been retrieved, they were sent to the NERC Radiocarbon Facil-
ity in East Kilbride for analysis of 1*C-content. The unique lab codes of the samples, and the results of
the analyses are provided in the Appendix Table 7.3. As analysis of the molecular sieves was expensive
(approximately GBP300 per sieve), only three of nine intact samples were used in order to keep costs

down. This also maximised the potential for all nine of the degraded samples to be radiocarbon-dated.
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Dry season radiocarbon samples were not obtained as the trap rates of the molecular sieve car-
tridges could have been too slow to capture sufficient CO, before the water in the channels became too
shallow. If the water was too shallow the molecular sieve cartridge samples could a) have been tarnished
with atmospheric CO,, or b) have become visible to local fisherpeople who might have tampered with
them. Dry season radiocarbon ages would have been expected to be older as the CO, present in the

channels would have come from the breakdown of deeper parts of the peat profile (Garnett et al., 2012).

Annual emission estimates

Annual flux estimates (Fy,,,,,) were calculated simply by multiplying the daily median fluxes by the num-

ber of days of their respective seasons, and adding the totals together using Equation[3.1}
Foann = 273 X Fuer 4+ 93 X Fapy 3.1)

where 273 and 93 are the numbers of days in the wet and dry seasons (see Chapter 1), respectively, and

Fyer and F% and the median fluxes of CO, (g:C-m~2.d ') in the wet and dry seasons, respectively.

3.2.3 Statistical analysis

Statistical analyses were performed as described in Chapter 2.

3.3 Results and Discussion

3.3.1 Water table and channel depth

Three years of water table depth data provided by the Borneo Nature Foundation recorded from January
2015 indicated that, in normal years, the normal water table amplitude at the intact land class typically
ranged from near (or just above) the peat surface in wet seasons, and -25 cm in dry seasons (see Fig. [3.3).
The exception was during the dry season of 2015, an El Nifio year, during which it fell below -100 cm.
This chapter, which discusses the differences between the wet and dry seasons of 2015 (LWS and EDS),
therefore deals with the greatest seasonal differences in terms of water table encountered in the study

period.
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Figure 3.3: Water table data at the intact land class using measurements from three dipwells adjacent to both of the SAB2 and SAB3
channels. The water table data spans nearly three complete years with the mean water table in bold black. Typical starts of the
dry and wet seasons (see Chapter 2) are represented by dashed and solid vertical lines, respectively. The four sampling seasons
(see Chapter 2) are shown as solid blue and dashed red lines towards the base of the plot, respectively representing wet and dry
seasons. Of the three years of water table data available, the extended dry season of 2015 (an El Nifio) showed an uncharactersitic
drop in water deble depth as compared to the mean range observed in the two following years (highlighted by the horizontal grey

band; data provided courtesy of Borneo Nature Foundation.)

No water table data were available for the degraded land class during the study period. A study by
Sundari et al. (2012) collected water table data at a degraded forest site (DF in Fig. , which is 400 m
from the severely degraded site in this study (KALA). Over a two-year sampling period, the water table
at DF was consistently lower than an intact forest site (UF) in the Sabangau National Park, near the intact
land class investigated in this study (see Fig. [3.4).

What was not observed at DF in Sundari et al. (2012), despite being close to KALA, was that the
water table at KALA could exceed 100 cm above ground during the wet season peaks. During these
periods the channels would become subsumed by a larger floodplain surrounding the channels. This
was also observed to occur at the other degraded sites in this study (TAR1, TUN1 and BER1) though

the water table was not so high above the soil surface. DF may therefore be part of another catchment
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which may not be so severely degraded as KALA as it is dominated by —and appears to support—
secondary forest (regrowth following disturbance; Sundari et al., 2012) where KALA currently does not
show significant signs of recovery. It is clear though that nearby channels in this area of Block C are
having large impacts on the hydrology of the catchment, with respect to UF.

Water table amplitude at the degraded site in the Sundari et al. (2012) study was much greater
than in the intact site, being 1.6 and 1.1 m, respectively. The amplitude of the water tables in this study
were also larger at the degraded land class than at the intact land class which provides further evidence

that degraded peat swamp forest is less able to hydrologically regulate itself.
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Figure 3.4: Water table (GWL = groundwater level) data for intact and degraded peat swamp forest sites located near (within 2
km) to the intact and degraded study sites in this investigation. Data were gathered over two years shown here as the day in the
year (DOY) between 2004—06. The dashed vertical lines indicate the first day of a year. The water table in the intact area (UF) was
consistently higher than the degraded area (DF). Typically the DF water table was “50 cm lower than the UF water table, but during
dry periods the difference could be more (<100 cm), and during wet periods could be less (>5 cm). This indicates that degraded

peat swamp forest is less hydrologically stable than intact peat swamp forest. Plot reproduced from Sundari et al. (2012).

Sundari et al. (2012) found that soil respiration responded strongly to changes in the water table at both
the UF and DF sites; CO, efflux decreased in UF which resulted from anoxia when the water table was
high. In DF, soil respiration increased when the water table dropped below -0.8 m. These changes in
rates of soil respiration suggest that changes to dissolved CO, in the channels could be expected. As
the amount of water reaching the channels could reduce, so too could the amount of dissolved CO, and
degradable organic material.

In the late wet season channel depths were significantly higher at the degraded land class (median
= 150 cm) than at the intact land class (median = 45 cm; Wilcoxon’s rank sum test; W = 65, p = 0.0002, r

= -0.87; see Fig. left pane). These median channel depth values represent the approximate channel
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depths at their respective land classes, demonstrating that the channels are significantly deeper at the
degraded land class. In the right pane of Fig. the channel depths are represented as water level
relative to the soil surface. At the degraded land class in the late wet season, the water level was nearly
150 cm above the peat surface; the channels had been subsumed into a floodplain that filled the lower
part of its catchment. This significant flooding was distinctly different to the intact land class where the
channels were at times overbanked, but only by 10 to 20 cm, however the water level relative to the peat
surface was not significantly different in the late wet season; median water levels relative to the peat
were -12 cm and 2 cm for the intact and degraded land classes, respectively. The slightly lower level at
the intact land class may have resulted from the vegetation actively transpiring the water, whereas at the
degraded land class negligible vegetation existed to carry out this process on a large scale.

Wet season flooding of degraded catchments could occur a) because the lack of forest cover would
limit the amount of surface and groundwater that can be transpired back to the atmosphere, and/or b)
because oxidised peat layers could be subsiding causing elevation to decrease so that it is more similar to
the adjacent rivers. Degradation clearly affects the hydrological functioning of peat swamp forest with
respect to its natural, forested state. As a result, degraded catchments can be inundated by metres of
water, for several months, during the peak of the wet season. The greater variance in channel and water
table depths at the degraded land class, in both the wet and dry seasons, is due to the deeper channels

impairing the catchments ability to maintain its water table.
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Figure 3.5: Panel a) Average channel water depth measurements at the intact and degraded land classes in the late wet and dry
seasons of 2015. Water depth was significantly different in the wet season (p = 0.0002). In the dry season water depth lowered
at both land classes, but the statistical significance was marginal (p = 0.054). The values for the wet season represent the median
depths of the channels at their respective land classes. Panel b) Channel water level measurements the channel relative to the soil
surface in the late wet and dry seasons of 2015. In the wet season, the channels at both land classes were mostly at bankfull and
statistically non-signifcant, however the degraded land class was much more variable and it also flooded up to 1.5 m above the
soil surface. In the dry season, water levels dropped at both land classes, however the drop at the degraded land class (median =

117 cm) was statistically much greater than at the intact land class (median = 42 cm; Wilcoxon’s rank sum test, p < 2.2 x10716).

In the dry season the channels” water depths dropped. Median depths were 18.5 and 38.3 cm for intact
and degraded land classes, respectively. Depths were marginally significantly different, and the effect
size was also smaller than during the late wet season (Wilcoxon’s rank sum test; W =13, p = 0.054, r = -
0.48). When the water depth measurements were converted to water level relative to the peat surface (see
Fig.[3.6), it showed the water table had dropped to -42 cm at the intact land class. This was significantly
less than the degraded land class which reached a median of -117 cm (Wilcoxon’s rank sum test; W =

15,136, p < 2.2 x10716).
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Figure 3.6: Schematic of the channels at the intact and degraded land classes. The channels at the degraded land class were
approximately a metre deeper than the channels at the intact land class. The channel depth in the degraded channels would have
to be much higher to have an equal water table with the intact land class. If the channel depth is near equal then the water table
would have to be much lower.

The water table data provided by the Borneo Nature Foundation showed that water table amplitude at
the intact land class is normally from the peat surface to -25 cm depth. The low rainfall during the dry
season (during 2015 El Nifio) caused an uncharacteristic drop to over -100 cm, reaching levels comparable
to the degraded land class. Although no water table data were available for the degraded land class, the
channel depth measurements broadly agree with the findings of Sundari et al. (2012) in that the degraded
land class is significantly lower throughout the year, with respect to the intact land class. The exception
to the findings of Sundari et al. was that during the wet season the water level at the degraded land class
can be much higher than the peat surface when it floods. This happens at the periphery of the peat dome
where the data were collected. This finding provides further evidence that the degraded land class is far
less able to hydrologically regulate itself and experiences much greater seasonal extremes, potentially

making it difficult for vegetation to recover in such areas.

3.3.2 Air and water temperatures

Air temperature and sunlight have effects on water temperature. In freshwater ecosystems, where salin-
ity is negligible, water temperature largely dictates the solubility of gases; as water warms the solubility
of gases reduces and promotes a higher rate of gas emission to the atmosphere (e.g. Benson and Krause,
1984). Air and water temperatures were measured at several points each day (see Fig.3.7).

Air temperatures were highly and significantly different between land classes, with large effect
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sizes (r > 0.5) in both late wet and dry seasons (Wilcoxon's rank sum tests; respectively, W =11,732, p <
22 %1076, r =-0.74 and W =2,141.5, p = 3.34 x107?, r =-0.59).

Water temperatures were similarly significantly different between land classes, again with large
effect sizes in both late wet and dry seasons (Wilcoxon’s rank sum tests; respectively, W = 12,075, p < 2.2
x10716, 7 =-0.86 and W = 3,072.5, p = 2.78 x10~'2, r = -0.63).

Water and air temperatures were most significantly different, and had the strongest effects sizes,

in the late wet season.
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Figure 3.7: Daytime air and water temperatures at the intact (green) and degraded (yellow) land classes, in the late wet and dry
seasons of 2015. Median values are indicated by the dashed lines. Air and water temperatures were significantly different between
land classes in both seasons. Median water and air temperatures at the intact land class were 3—5 °C cooler than the degraded
land class. In the wet season, water and air temperatures were more constrained than the degraded land class, due to the forest
canopy producing a microclimate effect. The microclimate effect in the intact land class was still evident in the dry season, except
for measurements taken at the more exposed forest fringe. Temperature fluctuated more at the forest fringe in a similar way to the

degraded land class.

In the late wet season, intact land class daytime air and water temperatures were lower, and very con-
strained compared to the degraded land class which demonstrated a high variability. In the late wet
season, median recorded air and water temperatures were 28.8 and 25.9 °C for the intact sites and 34.6
and 31.4 °C for the degraded sites; the air and water at the degraded land class was on average 5—6
°C warmer than for the intact land class. In the dry season median air temperatures increased to 30.8

and 34.6 °C for the intact and degraded land classes, respectively, and the difference between the land
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classes was not as great as the late wet season. Water temperatures were still 5-6 °C apart but increased
to medians of 27.7 and 33.1 °C for intact and degraded land classes, respectively.

The higher temperatures at the degraded sites result from the lack of forest cover and, as a result,
no canopy interception of sunlight. Further, exposed dark, bare peat surfaces were much more abundant
at the degraded sites (particularly at KALA) resulting in a low albedo, greater absorption of solar energy
and release back into the air as heat (Price et al., 1998). As such, air and water temperatures were higher.

Also evident in the temperature data is the effect of abundant surface water (pools and runnels)
and higher humidity in the wet season which modulate the temperature within the intact forest, creating
a moister, cooler microclimate (Gotsch et al., 2014). Air and water temperatures within the intact forest
during the wet season were much more constrained than in the dry season when comparatively little

standing surface water was present.

3.3.3 Electrical conductivity

The electrical conductivity (EC) meter ceased functioning after the pilot field season after being placed in
storage and therefore it was not possible to collect EC data during the late wet and El Nifio dry seasons
(LWS and EDS), or TUN1. Another EC meter was procured for the final two field seasons (the post-
El Nifio and early wet seasons, or PDS and EWS, respectively), and therefore EC data from these field
seasons are presented. These EC data are from the sites and also the rivers into which they drain, as
the water from these rivers could sometimes invade into the channels as a result of tidal reach or high
rainfall in the catchment (see Fig.[3.8). These data were gathered to examine whether saline waters had

entered the channel which may have resulted in the flocculation of DOC.
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Figure 3.8: Electrical conductivity at the intact and degraded land classes in the post-El Nifio dry season (PDS) and early wet
season (EWS) of 2016. Also included in the right hand portion of the plot are some EC measurements from the Kahayan River
(into which the channels of the intermediately degraded sites discharge), and the Sabangau Rivers (into which the channels of the
intact and severely degraded sites discharge). Readings did not exceed 110 pS-cm~?! which indicated that there had not been any

influence from saline waters invading the channels.

The intact sites had the highest EC values with 97 % of observations falling between 90—110 uS-cm™!,

but these higher values were still characteristic for those of freshwaters (Weiss, 1974). 90 uS-cm~! was
the highest value recorded at any of the degraded sites, and they fell as low as 20 xS-cm™'. Median EC
values at the degraded sites were 80, 50 and 60 S-cm~! for TAR1, BER1 and KALA, respectively.

The Kahayan River, into which the channels at TAR1 and BER1 drain, typically had a very low EC
(20 uS-cm™1). The lower EC values for TAR1 and BER1 suggest a possible influence on water chemistry
from the Kahayan River, but as EC was never higher than the intact sites, and that in all cases the EC
was low, it did not suggest any influence of tidal reach and saline waters. The Sabangau River had a
higher EC than the Kahayan River (median = 65 ;S-cm™!), but still this was very low, also suggesting
that KALA was not influenced by invading saline waters. The results demonstrate that increased salinity

from tidal reach did not affect DOC or gas flux measurements.

3.3.4 Dissolved oxygen

Higher water temperatures would be expected to reduce the solubility of dissolved gases in the channel
waters, however dissolved oxygen concentrations increased at both land classes during the warmer dry
season. Further, between land classes, the degraded sites had significantly higher dissolved oxygen
concentrations in both sampling seasons (Wilcoxon’s rank sum tests; W = 1,530.5 and 805.5, p = 5.85

x1071* and p = 1.58 x10~7, r = -0.55 and -0.47 for late wet and dry seasons, respectively; see Fig. .
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Figure 3.9: Median dissolved oxygen concentrations at the degraded land class were approximately double those of the intact land
class. In both seasons concentrations were significantly different, but less so in the dry season (late wet season p = 5.85 x 10~ 14;
dry season p = 1.58 x10~". In the wet season, the intact and degraded land classes contained 1.7 and 3.5 mg-L ™1, respectively,
and in the dry season the concentrations were 2.2 and 4.5 mg-L~1, respectively.

At the degraded sites median oxygen concentrations were "2—times those of the intact sites in both sea-
sons; in late wet and dry seasons, respectively, 3.5 and 4.5 mg-L~! compared to 1.7 and 2.2 mg-L~!
for the intact sites. In freshwater environments, at the temperatures encountered, surface water would
contain a dissolved oxygen concentration of approximately 8.3—6.4 mg-L~! were it to be in equilibrium
with the atmosphere (Benson and Krause, 1984). This suggests that oxygen was being consumed, most
likely by heterotrophic processes, in the channels of both land classes. As the channels at the intact land
class contained significantly less oxygen it indicates that more oxygen was being consumed in the intact
channels, indicating higher amounts of aerobic, heterotrophic metabolism (e.g. Hondzo and Steinberger,
2008; Rixen et al., 2008).

If the dissolved oxygen concentrations were to be presented as percentage saturation, the differ-
ences between land classes would be further amplified; water temperatures at the degraded land class
were warmer, and hence less oxygen can dissolve in them than at the cooler, intact land class. There
are two main reasons for why dissolved O, may be lower at the intact land class: a) O, could have

been consumed by higher rates of in-stream degradation processes such as heterotrophic breakdown or
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photolysis, or b) if the catchment is the main source of dissolved O, to the channels and that this O, is
arriving faster than the channel can achieve equilibrium with the atmosphere, then the pore water at the
intact land class may be more depleted in O, than the degraded land class.

Identifying the sources and sinks of O, in the channels was beyond the scope of the study; bio-
logical oxygen demand/oxygen utilisation experiments were not conducted, nor measurements of pore
water concentrations in the surrounding peats, therefore the reasons can only be speculated about. How-
ever, pore water O, measurements carried out at the intact land class by Pangala et al. (2013), and at the
degraded land class by Adji et al. (2014) suggest that pore water O, was lower at the degraded land
class than at the intact land class (2—8 and 5—13 ymol L™!, respectively). From these measurements it
appears that the degraded land class might have lower concentrations of dissolved O, in the channels
if lateral transport from the catchment was the primary driver of O, levels. However, it is highly likely
lateral transport of O, does take place. Degradation of DOC is therefore favoured as an explanation of
the lower O, concentrations in the channels for reasons explained below.

These channels, classed as ‘blackwaters’ (see Materials and Methods), are characteristically high
in dissolved organic carbon (DOC) which would provide the substrate for microbial metabolism in the
channel. Low oxygen concentrations could be caused by breakdown of a) leaf litter (O’Brien et al., 2017),
which would be considerably higher at the forested intact land class, or b) abundant DOC that is more la-
bile and bioavailable, which is more the case for the intact land class rather than the degraded land class
(Moore et al., 2013). High concentrations of DOC (Rixen et al., 2008; Wit et al., 2015) and dissolved CO,
(Miiller-Dum et al., 2019; that might derive from DOC degradation) in blackwaters have been shown to
be inversely correlated to dissolved oxygen concentrations. The water is noticeably darker in the intact
channels compared to the degraded channels, indicating higher concentrations of DOC.

A previous study that used the same intact and degraded peat swamp forest channels found that
the channels in degraded the degraded sites had lower concentrations of DOC, and a higher aromaticity
of that DOC compared to the peat channels at the intact sites. The more aromatic DOC was compar-
atively more recalcitrant and less bioavailable and more resistant to breakdown by biological means
(Moore, 2011; Moore et al., 2013). The much higher oxygen concentrations encountered at the degraded
land class in this study indicate that dissolved oxygen concentrations were not a limiting factor for het-

erotrophic metabolism, and less heterotrophy is occurring, than at the intact land class. Lower rates of
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heterotrophy would produce proportionally less dissolved CO, in the channels. As the intact channels
had much lower dissolved oxygen concentrations, it is likely that higher rates of heterotrophic respira-
tion are occurring there, consequently producing larger quantities of dissolved CO,.

In terms of water table, air and water temperatures and dissolved oxygen, it is clear that degrada-
tion has myriad effects on the peat swamp forest microclimate and channel geochemistry, in ways that

are relevant to CO, emissions from the channels, which will be discussed in the next section.

3.3.5 Quantity and quality of DOC

Across the three sampling seasons (LWS, EDS and PDS) where DOC measurements were made at all
sites, median DOC concentrations were consistently highest at the intact sites, ranging from 54.4 to
58.1 mg-L~! (see Fig.[3.10). At the degraded sites, median concentrations were 46.6, 45.4, 22.5 and 29.3

mg-DOC-L~! for TAR1, TUN1, BER1 and KALA, respectively.
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Figure 3.10: DOC concentrations at each of the sites, spanning the LWS, EDS and PDS field seasons. Median intact DOC concen-
tration was consistently highest at the intact sites (54.4 to 58.1 mg-L~!), with DOC concentration generally declining as severity of
degradation of the PSF catchments increased; DOC concentrations were 46.6, 45.4, 22.5 mg-L~ 1 respectively for TAR1, TUN1 and

BERI (the intermediately degraded sites), and 29.3 mg-L~! for KALA, the severely degraded site.

The results show a general trend whereby DOC concentration in the channels reduces with increasing
disturbance, the exception being BER1 which had the lowest median DOC concentration, but this may

have been due to significantly fewer sampling days occurring at this site, with respect to the others.
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DOC concentrations in the channels were significantly different between intact and degraded land
classes in both seasons (Welch’s two sample t-tests; respectively, ¢ = 9.03, p = 2.54 x10~4, r =-0.61 and ¢
=10.66, p < 2.2 x10716, r = -0.67; see Fig. . Concentrations remained similar at both land classes in
both wet and dry seasons, however the interquartile range was much larger for the degraded land class

in the dry season indicating that lower concentrations of DOC were more common.
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Figure 3.11: DOC concentrations at the intact and degraded land classes in the late wet and dry seasons. In the late wet season, the
intact land class (median = 57.1 mg-DOC-L~!) had significantly higher DOC concentrations than the degraded land class (median
=417 mg-DOC-L™!; p = 2.54 x10~'4). Similarly, in the EI Nifio dry season, the intact land class had significantly higher DOC

concentrations than the degraded land class (respective medians = 58.8 and 41.0 mg:-DOC-L~1; p < 2.2 x10~16).

These results agree broadly with DOC concentrations presented in Moore et al. (2013) where there was
no particular seasonal trend in DOC concentrations in these channels (particularly, see Supplementary
Materials), whereas a seasonal signal was evident in the Sabangau River (Moore et al., 2011). These
results show that lateral input of DOC is important for these peat-draining channels, as during the dry
season there was negligible rain to deliver leachates and organic material to the channels where they
would provide DOC.

In the final sampling season (early wet season; EWS) both DOC concentration and aromaticity
were investigated as part of a DOC degradation experiment, but for logistical reasons it was only possible

to gather samples from two sites; SAB1 from the intact land class, and KALA from the degraded land
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class. The values represent paired starting values at the beginning of an incubation whereby the water

samples were collected fresh and analysed within a few hours of collection (see Fig.[3.12).
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Figure 3.12: DOC concentrations and aromaticity of SAB1 and KALA in the final sampling season, EWS. SAB1 had a significantly
higher DOC concentration than KALA (respective medians = 61.9 and 41.4 mg-DOC-L~!; p = 9.00 x10~7), and the DOC from
KALA was significantly more aromatic than SAB1 (respective medians = 22.5 % and 20.3 %; p = 0.00135).
Median channel DOC concentrations at SAB1 (61.9 mg-L~') were significantly higher than at KALA
(41.4 mg~L*1 ; two sample t-test, t =7.28, p = 9.00 x10~7, r = -0.80). This trend very much resembled
the findings from the earlier seasons in this study that DOC concentrations at sites and the intact land
class are significantly higher the sites at the degraded land class sites. These samples from EWS, which
were analysed within hours of collection, also suggest that DOC losses in the samples that were stored
untreated for up to 12 weeks (LWS, EDS and PDS) were in the region of 8 % for the intact sites, but were
perhaps negligible for the degraded sites. The difference between the two land classes is therefore likely
to be an underestimate. If DOC losses were smaller for the degraded sites this suggests more aromatic,
recalcitrant DOC is present in the channels of the degraded land class.

Aromaticity was also measured in the EWS water samples and was found to be significantly
higher at KALA than at SAB1, where median aromaticities were 22.5 and 20.3 %, respectively (two sam-
ple t-test, t =-3.79, p = 0.00135, r = -0.54). This is in agreement with the findings of Moore et al. (2013)

who demonstrated that channel DOC at the degraded land class was typically hundreds to thousands
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of years-old and originated in deep peat layers. In that study the DOC from the intact channels had
a modern radiocarbon signature, indicating more labile, less aromatic substrate addition from the sur-
rounding catchment into the channels. These data also suggest that the lower dissolved oxygen levels in
the channels at the intact land class may be due to greater availability and biodegradation of labile DOC,
whereas oxygen was less likely to be consumed by heterotrophic processes at the degraded land class
where more aromatic DOC was more present in the channels.

Further analysis of the DOC samples from SAB1 and KALA using Thermal Desorption—Time of
Flight—Proton Transfer Reaction—mass spectrometry (TD-ToF-PTR-MS) was conducted by Materic et al.
(2017). It was found that the channel DOC molecules from KALA were heavier than at SAB1 (DOC,
SABI and KALA are referred to as DOM, KI and KD in the paper; see Fig. [3.13). This adds further
evidence that the DOC at the degraded sites is less labile and more recalcitrant than the intact sites, and
therefore is less likely to be broken down by biological processes in the stream to produce dissolved
CO, Results of measurements of dissolved CO, in the channels will be presented and discussed in the

following section.
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Figure 3.13: Results of TD-ToF-PTR-MS analyis of DOC samples from SAB1 and KALA. There was no clear trend in the mean
oxidative state of carbon (OSc) between the two sites, however there was clear separation in the number of carbon atoms per
molecule (nC) whereby KALA demostrated the heavier —and therefore larger— molecules. Figure from Materi¢ et al. (2017).

Overall, the DOC in the channels draining degraded peat swamp forest looks to be less abundant and
more aromatic than at the intact land class. This is consistent with the water table being generally lower
in degraded peats and therefore the organic carbon in the channels is more recalcitrant. DOC abundance

did not show significant seasonal variation, and therefore it suggests that overland flows may not be
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a dominant method of delivery of DOC to the channels. However, DOC movement over and through
the peat was not measured and further studies are required to identify the sources of the DOC in the

channels at the two land use types, and how those sources may vary in importance on a seasonal basis.

3.3.6 Partial pressure of dissolved CO,

During the late wet season, all median partial pressures of dissolved CO, at the intact sites were higher
than those of the degraded sites and exceeded 13,000 p:atm, being 13,523, 13,529 and 13,453 patm for
SABI1-3, respectively. At the degraded sites, the intermediately degraded TAR1 and TUNT1 sites had the
highest values at 11,668 and 13,485 patm CO,, respectively. While TAR1 was markedly lower that the
intact sites, TUN1 was in the same range as the intact sites with the median exceeding those of SAB2 and
SAB3. The severely degraded site, KALA, had the least dissolved CO, at 6,023 patm, less than half that
of either the intact or intermediately degraded sites (see Fig. [.14). This supports the findings of Moore
et al. (2013) that DOC becomes less abundant and more resistant to biological breakdown in response to
degradation of the peat swamp forest ecosystem. However, it is also likely that leaf litter inputs to the

channels at the intact land class promote heterotrophy and higher dissolved CO,.
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Figure 3.14: Median dissolved COz partial pressures were consistently higher at the intact sites than at the degraded sites, in both
late wet and dry seasons of 2015. KALA in the late wet season was much lower than intact and intermediately degraded sites. In
this season intact and degraded dissolved CO2 medians ranged from 13,259 to 13,523, and 6,023 to 13,485 patm, respectively. In
the dry season, intact and degraded dissolved COz respectively ranged from 7,503 to 13,626 and 2,069 to 6,954 patm. SAB1 was
the only site to show an increase, though it was by comparatively little.

In the dry season, partial pressures of dissolved CO, decreased markedly at all sites, apart from at SABL.
Intact partial pressures at this time were respectively 13,626, 8,621 and 7,503 patm at SAB1-3, and 2,480,
6,954 and 2,069 patm at TAR1, TUN1 and KALA. The dry season data mostly displayed greater variance
in values than the late wet season data which may be due to the comparatively smaller sampling sizes,
and the wider range and extremity of environmental conditions encountered during the dry season. In
terms of median dissolved CO, values, the degraded sites were consistently ranked TUN1 > TAR1 >
KALA.

The partial pressures of dissolved CO, at the intermediately degraded TAR1 and TUN1, particu-
larly, were higher than expected. TAR1 and TUN1 were disturbed (deforested and drained) at approx-
imately the same time as KALA, but the degree of the disturbance was less (Moore, 2011). TAR1 and
TUN1 have since re-vegetated to an extent, albeit with ferns and grasses, rather than secondary forest.
This vegetation likely produces more labile DOC that on reaching the channels can be more readily de-
graded than the older, more humified and recalcitrant DOC from the KALA catchment peats. Further,
both TAR1 and TUN1 had human settlements nearby, as opposed to KALA which was uninhabited.
Settlements in the area are nearly always adjacent to channels, which are utilised for sanitation and
transport by boat. At TUN1, particularly, there was a strong smell of faeces in the channel. The input
of fresh degradable material being flushed from the village could have fertilised the channel and been
broken down causing dissolved concentrations of CO, to increase above what they would have naturally
been without any settlement nearby (e.g. Meybeck and Vérosmarty, 1999).

Water temperatures increased at both sites in the dry season, and leaf litter inputs presumably
continued (though reduced lateral flow would reduce the amount of leachate reaching the channels).
Continued priming by leaf litter would therefore be expected to cause heterotrophy to increase and oxy-
gen concentrations to decrease, considering that the water volume in the channels is lower in the dry
season. However, oxygen concentrations increased and it indicates that leaf litter input may not be the

dominant driver of dissolved CO,. Further, dissolved CO, decreased almost 3—fold at KALA where
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leaf litter input would be negligible, being that there is very little vegetation in the catchment. This may
indicate that DOC degradation and lateral flows are the main sources of dissolved CO, in the channels.

If the dominant term for dissolved CO, in the channels is DOC, then the data suggest that the
most degradable (most labile, least humified) DOC of the degraded sites might be found at TUN1, and
the least degradable at KALA. However, aromaticity data were only available for KALA and was is not
possible to make this comparison. If dissolved CO, in the channels is mostly controlled by lateral inputs
of CO,, then the water table could be the dominant term; the water table is a proxy for the volume of
wetted peat ‘connected’ to the channels that could act as a source for dissolved CO,, such as in the study
of Ueda et al. (2000) who noted a hydrological driver of dissolved CO, between wet and dry seasons at
a coastal swamp in Thailand.

Rainfall declines markedly in the dry season and the water table lowers, sometimes well below
the peat surface (Hirano et al., 2009), including in the channels during extremely dry episodes (as was
witnessed during the dry season in question). This reduces the volume and connectivity of wetted soil in
the catchments, which would consequently limit a) the volume of biologically active soil, and b) the abil-
ity of soil organisms and metabolites to be transported to the channels (e.g. Marwanto and Agus, 2014).
In the wet season, by comparison, there could be continual transport of organisms and metabolites to the
channels by overland and through-flows, which could stimulate higher rates of metabolism in-stream.
Further, a biologically active soil could also produce CO, that could be entrained by through-flows of
water and get deposited in the channels.

The intact land class in the late wet season had a median partial pressure of dissolved CO, of
13,359 patm and a smaller variance in the data than the degraded land class, where median dissolved
CO, was 11,637 patm (see Fig. . A Wilcoxon’s rank sum test found degraded dissolved CO, to be

significantly lower than at the intact land class (W = 9,316, p = 8.06 x10712, r = -0.37).
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Figure 3.15: Median dissolved CO, partial pressures were higher at the intact land class in both sampling seasons, but the values
more constrained in the former. In the late wet season, intact and degraded median dissolved partial pressures were respectively
13,359 and 11,637 patm CO,, and in the dry season, 9,148 and 2,669 patm CO,. In both seasons, degraded dissolved CO, was
significantly lower than at the intact land class (late wet season: p = 8.06 x 10~ 16; dry season: p = 7.74 x1079).

In the dry season, median dissolved CO, was lower for both intact and degraded land classes which
were 9,148 and 2,669 patm and constituted 32 % and 77 % reductions in dissolved CO,, respectively.
Degraded dissolved CO, remained significantly lower than the intact land class (Wilcoxon’s rank sum
test, W =1,112, p = 7.74 x107¢, r = -0.50).

The partial pressures of dissolved CO,, particularly for the intact sites in the late wet season (me-
dian = 13,358 patm) were relatively high in terms of those reported for tropical streams and rivers in the
literature; Aufdenkampe et al. (2011) estimated a median partial pressure of 4,300 ppm CO, in tropical
streams. However, most studies are conducted in relatively large rivers rather than upstream reaches
or headwaters (Cole et al., 2007; Johnson et al., 2008). The channels investigated in this study are more
similar to small headwater streams, and the partial pressure of CO, is known to decrease as stream order
increases (Dawson et al., 2004; Johnson et al., 2008). This is because the most labile substrates are con-
sumed first, leaving the material that is harder to metabolise to flow downstream (Meyer and Edwards,
1990; Ilina et al., 2014). Richey et al. (2002) observed 14,100 = 12,000 patm in upstream reaches and 6,300

+ 4,200 patm in downstream reaches of the central Amazon basin. The upper figure, derived from the
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headwater of a tropical peat catchment in Amazonia is certainly in the range encountered in this study,
in an equivalent setting. In a very similar ecosystem in Borneo, Miiller et al. (2015) measured 6,130—8,943
patm in a river draining tropical peats in Sarawak, Malaysia. These partial pressures were from a river
and whilst high, partial pressures in the headwaters were likely to have been higher.

Dissolved CO, was positively correlated with DOC concentration across the LWS, EDS and PDS
field seasons (see Fig..16), indicating that breakdown of DOC could be a significant —but seemingly not
dominant— driver of dissolved CO, in the channels (R? = 0.29, p = 1.508 x10~°). Other sources other
than DOC breakdown are further suggested by the linear model intercepting the y-axis at 2,097 ppm. It
was beyond the scope of this project to identify the sources of dissolved gases within the channels, but it
is possible that a significant amount enters the channels via lateral inputs from the catchment, which has
been reported in other recent studies of PSF channel geochemistry (e.g. Hoyt et al., 2016, 2017). Further
work involving the use of isotopes, e.g. 13CO, and DOC, could be used to determine the relative im-
portance of water flows and in-stream degradation as sources of CO, in the channels at both land classes,

and between seasons (Mayorga et al., 2005; Billett et al., 2007; Garnett et al., 2012).
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Figure 3.16: Median dissolved CO2 concentrations were positively correlated to DOC concentrations when data for each available
sampling day were plotted (R? = 0.29, p = 1.508 x10~°). This suggests that DOC concentrations have a significant influence
on the amount of dissolved CO in the channels but the weak R? also suggests that other (unmeasured) sources play a role. The
intercept on the y-axis of 2,097 ppm CO- further suggests that there are other significant sources of CO, other than DOC within

the channels.
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3.3.7 The gas exchange velocity

To correct for the actual non-linearity of the CO, fluxes and obtain realistic flux estimates, calculation of
the gas exchange velocity was required. Floating chambers have been known to significantly overesti-
mate flux by causing disturbance to the water surface (Matthews et al., 2003; Lorke et al., 2015), which
is the interface where gases exchange. Turbulence in this area is expressed as the gas exchange velocity,
k, and a chamber causing disturbance would have a higher value of k. To ensure the fluxes obtained
from the floating chambers were not the result of excessive turbulence due to chamber disturbance, k
values can be examined to check for this effect. As such, acceptable k values act as a quality check for
the directly measured CO, fluxes.

All gas exchange velocities were converted to keoo values (see Chapter 2) for comparison with
other gas exchange velocities in the literature.

keoo was generally higher at the intact sites during the late wet season. Median values were 0.92,
0.85 and 1.15 m-d ! for SAB1-3, respectively (see Fig. . At the degraded land class, TAR1, TUN1
and KALA respectively had ke values of 0.81, 0.53 and 0.88 m-d—!.

The channels in the forest were much shallower than those at the degraded sites. The forest typi-
cally receives more rainfall than the degraded areas (Moore, 2011) and therefore a larger volume of water
will be moving through and out of the peat dome. Water flows were typically faster and flowed for more
study days than at the degraded sites which, when water had overtopped the channel banks, swiftly
became part of a wider floodplain. The floodplain had negligible flows which were not measurable with

the impeller (sensitivity 0.046—5.0 m-s™!).
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Figure 3.17: kgoo in the late wet season and dry season of 2015. During the late wet season, intact keoo ranged from 0.85 to 1.15
m-d~1! and degraded ranged from 0.53 to 0.88 m-d~1. In the dry season, kego decreased at the intact sites and mostly increased at

the degraded sites; ranging from 0.33 to 0.67, and 0.59 to 1.06 m-d ~ !, respectively.

In the dry season gas exchange velocities were lower at all intact sites than during the dry season, likely
owing to greatly reduced flow rates as the channels had dried and became puddles. It was not possible
to measure flows as they were so weak and closely resembled soil through-flows. Median kegp was 0.33,
0.42 and 0.67 m-d~! for SAB1-3, respectively. At the degraded sites, koo increased at TUNT1 (to 0.59
m-d~') and greatly increased at KALA (to 1.06 m-d~'). kgoo at TAR1 reduced to 0.62 m-d~*.

On a land class basis, late wet season kgoo medians were 0.92 and 0.83 m-d~! for intact and de-
graded sites, respectively (see Fig. [3.18). A Wilcoxon’s rank sum test found that koo was significantly

higher at the intact sites, but that the effect was small (W =12,442, p =7.13 x 1075, r =-0.21).
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Figure 3.18: kgoo by land class in the late wet and dry seasons of 2015. kgoo Was significantly different between land classes in both
seasons. There was a general reduction of kg in the dry season with respect to the wet season. In the late wet season, median
keoo values were 0.92 and 0.83 m-d ! for the intact and degraded land classes, respectively. In the dry season, median values were
0.45 and 0.73 m-d~! for intact and degraded sites, respectively.

Dry season kgop medians were 0.45 and 0.73 m-d~! for intact and degraded land classes, respectively,
decreasing at both intact and degraded land classes with respect to the late wet season. A Wilcoxon’s
rank sum test found that the gas exchange velocity between land classes was more significantly different
in the dry season, though again the effect size was small (W = 24,533, p = 0.0026, r = -0.15).

To compare with kg values reported in the literature, annual estimates were calculated using the
seasonal medians and weighting them according to the proportion that the season takes up in the year,
giving 0.76 and 0.80 m-d~! for the intact and degraded land classes, respectively.

Overall, kggo values were low compared to those commonly found in the literature, but these
include few studies of tropical streams (Raymond et al., 2012) and these values are the first for small,
tropical peatland headwater channels. The peatland headwaters in this study have low channel slopes
and water velocities which, as the two primary drivers of the scale of the gas exchange velocity (Ray-
mond et al., 2012), mean that koo Will be similar to the lower range of values found in the literature.
At the height of both the wet and dry seasons, water flow through the peat swamp forest channels can

reduce to a negligible rate, respectively because of inundation or water levels dropping so low that the
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channels becomes discontinuous and stop flowing.

Aufdenkampe et al. (2011) estimated median kego in tropical streams (< 60—100 m wide) to be
4.128-m d~!, and in seasonally inundated tropical wetlands, 0.576 m-d~'. These global, landscape-type
estimates were calculated using atmospheric circulation, and existing values of CO, partial pressures,
ksoo, and flux measurements from those landscapes.

The median values in this study were much lower than those for streams estimated in Auf-
denkampe et al. (2011), but in that study the stream definition included anything up to 60 m wide.
The channels in this study are considerably smaller, being <1 to "3 m wide, their waters comparatively
slack and slow-flowing and, at the intact sites where a closed canopy exists, they experience negligible

winds (virtually all wind measurements with an anemometer measured 0.0 m-s—*

, see Appendix Fig.
[7.2). Therefore, the lower values seem reasonable in comparison to the tropical streams described in
Aufdenkampe et al. (2011).

The median kg values in this study are higher than the seasonally inundated wetlands kg9 me-
dian of 0.576 m-d~"' in the study by Aufdenkampe et al. (2011). The sites in this study do not truly
represent natural wetlands, which would not contain man-made drainage channels built to facilitate wa-
ter export out of the wetland; in a natural wetland the water would stand for longer periods and drain
more slowly. However, there were some periods of the year in this study when the water did stand and
flows were slow to unmeasurable, and so it is reasonable that koo was higher, although not substantially
higher than 0.576 m-d .

Streams more comparable in size located in the Upper Rhine Valley in southwest Germany yielded
amean value of 2.1+£2.5 m-d !, using very similar equipment and methodology (Lorke et al., 2015). This
value is still higher than I recorded, but the channels would have had a different bed roughness and
substrate, and general channel geomorphology, which all contribute to turbulent eddy generation in the
channel (Maclntyre et al.,, 1995). In the Rhine Valley study, the mean flow rate (which would in part
contribute to k) was 0.3040.07 m-s~! which was “50 % faster than the mean flow rate of 0.2140.07 m-s~!
at the sites in this study (means =+ standard deviation).

There were a number of outlying observations that were very different to —and nearly always
much higher than— the vast majority of data points. These resulted from heavy rain, high flows or

strong winds, or unstable chambers that may have collided with each other or the channel bank, or
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got stuck. In most cases, these effects were artefacts of using floating chambers and are known in the
literature as ‘chamber effects” (Belanger and Korzun, 1991). As elevated kgoo values may result from
numerous chamber effects that themselves arise from a variety of physical sources, it was deemed im-
practical to attempt to measure and record them all individually for each chamber. All elevated values
were included in the analyses. The analyses identified outliers in the dataset (such as the circles on the
box plots) and therefore those values should be treated with some caution as they may have arisen from

chamber effects.

3.3.8 Flow velocity as a driver of gas exchange velocity

Channel flow velocity data were available for 10 sampling days at the intact sites. The flow velocity was
calculated from the fastest time one of five chambers took to get from the upstream drift start point to
the downstream drift end point. Gas exchange velocity is a function of turbulence at the water surface,
and faster flows could induce greater turbulence (e.g. Lorke et al., 2015). Flow velocities were plotted

against kgoo to see what influence it had on the gas exchange velocity (see Fig. [3.19).
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Figure 3.19: A subset of gas exchange and water velocities (from the intact site in the wet season) did not show a significant

relationship. This indicates that there are other, more significant drivers.

Flow and gas exchange velocities did not produce a significant correlation (Linear model; R* = 0.059,
p = 0.25) indicating that there were other —potentially more significant— drivers of kggo. These could

include bed roughness and substrate, and general channel geomorphology which were not measured or
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categorised (MacIntyre et al., 1995).

3.3.9 CO, fluxes

In the late wet season a total of 656 chamber deployments were made; 309 and 347 at the intact and
degraded sites, respectively. In the dry season 481 chamber deployments were made; respectively, 232
and 249 at the intact and degraded sites. The reduced number in the dry season was due to an intense El
Nifio which caused the channels to dry up to the point where fieldwork had to be stopped.

In the late wet season, all median CO, fluxes at the intact sites (SAB1—3) were higher than at the
degraded sites. Fluxes at both intermediately degraded sites (TAR1 and TUN1) were higher than those
at the severely degraded site (KALA; see Fig. [3.20). Median CO, fluxes in the late wet season at the intact
sites were 4.55, 4.41 and 6.29 g-C-m~2-d~! for SAB1-3, respectively. Median fluxes at the degraded sites

were 3.60, 2.98 and 2.17 g-C-m~2.d~! for TAR1, TUN1 and KALA, respectively.
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Figure 3.20: CO> fluxes by site, in the late wet and dry seasons of 2015. Note the different y-axis scales. In the late wet season, the
median intact fluxes ranged from 4.41 to 6.29 g-C-m~2.d~L. The degraded CO, fluxes ranged from 2.17 g-C-m~2-d~! at KALA to
3.60 g-C-m~—2.d~! at TARL. In the dry season, all sites yielded lower median fluxes; they ranged from 1.48 to 1.97, and 0.98 to 1.46

g:C-m~2.d~! at the intact and degraded sites, respectively.
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All sites had significantly lower fluxes in the dry season, and the differences between the intact and
degraded CO, fluxes were smaller. CO, fluxes dropped to 1.97, 1.48 and 1.76 g-C-m~2.d~! for SAB1-3,
respectively, and 1.05, 1.46 and 0.98 g-C-m~2-d~! for TAR1, TUN1 and KALA, respectively.

In both sampling seasons, CO, fluxes were significantly higher at the intact land class than at the
degraded land class (see Fig. 3.21). In the late wet season, the median fluxes for the intact land class were
nearly double those of the degraded sites at 4.68 and 2.49 g-C-m~2-d !, respectively. A Wilcoxon’s rank
sum test found that CO, fluxes were very significantly higher at the intact land class and demonstrated a
large effect size between land classes (W = 85,288, p < 2.2 x 10716, r =-0.61). In the dry season, intact and
degraded CO, median fluxes were 1.81 and 1.07 g-C-m~2-d !, respectively. Again, fluxes at the intact
land class were significantly higher, again being nearly double those of the degraded land class, but the

effect size was small (Wilcoxon’s rank sum test; W = 37,378, p = 2.50 x1078, » = -0.25).
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Figure 3.21: CO> fluxes by land class in the late wet and dry seasons of 2015. Note the different y-axis scales. The intact site
had significantly higher fluxes in both the late wet season and the dry season (p < 2.2 x10716 and p = 2.50 x10~8, respectively),
though the difference was greater in the late wet season. Median CO, fluxes in the late wet season were 4.68 and 2.49 g-C-m~2.d~!
for the intact and degraded sites, respectively. Both land classes” median CO, fluxes for the dry season were lower than the late

wet season; 1.81 and 1.07 g-C-m~2.d~! for the intact and degraded sites, respectively.

In the late wet season and dry season, intact CO, flux medians were respectively 1.9— and 1.7—times

higher than the degraded land class.
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CO, fluxes from a degraded channel in Kalimantan were reported in Jauhiainen and Silvennoinen
(2012) where the site was described as ‘settled’ peat swamp forest and was located within the KALA
catchment area. They reported mean CO, effluxes of 2.68 and 2.29 g-C-m~2.d~! in the wet and dry
seasons, respectively. These values are somewhat higher than those in this study where the equivalent
means were 2.46 and 1.53 g-C-m~2-d~!. It was not deemed appropriate to report mean values in this
study; the influence of numerous outliers originating from possible chamber effects likely do not rep-
resent real world fluxes and would artificially inflate the average. In this study, the median fluxes for
KALA in the wet and dry seasons were 2.17 and 0.98 g-C-m~2.d~*, respectively. These values are much
lower than the values given by Jauhiainen and Silvennoinen (2012), being respectively 81 and 43 % of
wet and dry season fluxes given in their study.

The most striking difference between the results of this study and that of Jauhiainen and Silven-
noinen (2012) were the CO, fluxes during the dry season; the median flux in this study was 0.98 g-CO,-
C-m~2.d~! whereas in Jauhiainen and Silvennoinen (2012) the mean CO, flux was 134 % higher, being
2.29 g-.CO,-C:m~2d~!. The other difference of note is that 2.29 g-CO,-C-m~2-d~! does not constitute a
large reduction in flux with respect to the wet season, which was only 15 % higher, being 2.68 g-CO,-
C:m~2.d~!. In this study, the wet season value was 121 % higher than the dry season.

The much lower dry season CO, flux in this study was likely influenced greatly by the severe
El Nifio that was taking place during the sampling period; dissolved CO, concentrations markedly de-
clined, seemingly as a response to lower water levels. Lower dissolved CO, in the channels would cause
CO, fluxes to decline if the gas exchange velocity was to stay the same. Lower dissolved CO, would be
expected in a normal dry season, but not to the same extent as seen here in the El Nifio as water table
drawdown would not be as severe.

The fluxes in this study are of the same order of magnitude as in Jauhiainen and Silvennoinen
(2012) and therefore may represent natural variation at KALA in El Nifio and non-El Nifio years, respec-
tively; the data presented in Jauhiainen and Silvennoinen (2012) were collected in 2007, a moderate La
Nifia year (Kashino et al., 2009) when associated increases in precipitation can result in a higher water
table (Hodson et al., 2011). As 2007 was a La Nifia year, the higher CO, fluxes reported by Jauhiainen
and Silvennoinen (2012) and the lower El Nifio CO, fluxes reported in this study appear reasonable.

As Jauhiainen and Silvennoinen (2012) did not report concentrations or partial pressures of dis-
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solved CO,, nor any gas transfer velocities, it is not possible to scrutinise the possible causes for the
higher fluxes they reported. However, the higher values they reported may also have been in part caused
by a) their choice of reporting mean values of their fluxes, or b) their chamber design.

The data reported in this study were highly non-normal and a significant number of elevated
fluxes appeared to be caused by chamber effects. As such, medians were reported and non-parametric
analyses were performed in order to reduce the influence of chamber effects on the reported fluxes. If
outliers existed in the Jauhiainen and Silvennoinen (2012) dataset (which would be expected as chamber
effects are difficult to avoid in environments that cannot be controlled), and as the mean is more sensitive
to outliers, it could be that their reported values are higher than if they had reported median values.

Chamber design can also influence measured fluxes as they can be more or less prone to chamber
effects (Cole et al., 2010; Lorke et al., 2015). For example, some chambers might be less stable in windy
conditions and increase disturbance at the water surface. On the other hand, some chambers may shelter
the water surface from the wind which might reduce disturbance at the water surface. As such, a poorer
chamber design might promote a background signal in the flux data. The chamber used by Jauhiainen
and Silvennoinen (2012) was constructed using a tall cylinder and had a wide square float around it that
sat on the water surface. Their chamber may have been subjected to greater buffeting by the wind and
could have disturbed a comparatively large water surface area compared to its headspace area. Without
any gas exchange velocity data, it is not possible to examine more closely whether the chamber design
could have been elevating the fluxes through increased disturbance to the water surface. As such, the
mean and median values of CO, fluxes, respectively reported in Jauhiainen and Silvennoinen (2012) and
in this study, must be compared to existing measurements and estimates for similar streams and ecosys-
tems.

Aufdenkampe et al. (2011) estimated tropical streams on average emit 7.5 g-=C-m~2.d~!. The
higher fluxes of "5 g-C-m~2-d ™!, measured at the intact sites in this study are about 33 % less. This
is most likely because these headwaters a) are slack and slow-flowing, b) there is very little change in
elevation with distance, and c) there are no topographical features, per se, to increase the gas exchange
velocity, or provide hotspots of evasion. It is possible, therefore, that a more significant amount of CO,

is emitted downstream by the rivers that the channels flow into (Dawson et al., 2004).
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3.3.10 Radiocarbon age of CO,

Analysis of the CO,-C trapped by the zeolite sieves found the degraded land class to be significantly less
enriched with '*C (Welch two sample ¢-test, t = 8.38, df =8.18, p=2.74 x107°, r = 0.90; see Fig. . All
of the samples from the intact channels had a ‘modern’ radiocarbon age (relative to AD 1950), whereas
the samples from the degraded channels all had ‘pre-modern” ages. The radiocarbon ages at the de-
graded land class ranged from 341437 to 1655136 years old, and the median age was 684. The youngest
radiocarbon ages of the degraded land class were generally from the intermediately degraded sites TAR1
and TUNI, and the oldest radiocarbon ages were from severely degraded KALA (see Appendix Table

7.3 for list of samples analysed for their radiocarbon ages).
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Figure 3.22: '4C-enrichment of the dissolved CO» trapped by the zeolite sieves. The sieves were deployed in the intact and
degraded channels for a month in the late wet season. All intact samples had a ‘modern’ radiocarbon age (>100 % *C-enrichment).
The CO2-C of the degraded channels was found to be pre-modern where radiocarbon ages ranged from 341+37 to 1655436 years

old.

The radiocarbon ages suggest that the CO, in the intact channels was overwhelmingly modern and likely
was generated from labile, recently photosynthesised C substrates. At the degraded land class however,
the radiocarbon ages suggest that there was negligible input of recently photosynthesised C. Most of the

CO, present in the degraded channels appears to be coming from the breakdown of older, deeper peats
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that are many hundreds of years old. This older dissolved CO, is probably just as likely to be emitted to
the atmosphere as more modern CO, (Mark Garnett, personal communication).

From a catchment perspective, the intact channels appear to be year-round emitters of CO, whereas
the surrounding ecosystem, and the intact peat swamp forest ecosystem as a whole, is a net-sink for CO,
(Moore et al., 2013). Although emissions are lower at the degraded land class, the CO, being evaded
from the channels stems from degradation of old/ancient peats. The lack of modern CO, gives another
indication that degraded peats can undergo a regime shift and become an overwhelming source of C to

the atmosphere; the peat swamp forest C sink function can be lost, and may continue to destabilise.

3.4 Conclusions

This study demonstrated that degradation of peat swamp forest can have numerous effects on the en-
vironmental conditions and biogeochemical cycling, which have the potential to affect CO, fluxes from
drainage channels. The most significant factor driving CO, fluxes at both intact and degraded peat
swamp forest appeared to be the depth of the water table. CO, emissions were higher when the water
table was high during the wet season and CO, emissions reduced significantly when the water table
dropped during the dry season. The degraded land class had much deeper channels than the intact land
class (2—7 m and 1 m, respectively) and the deeper channels therefore affected the ability of the degraded
peatland to regulate its water table. The water table was consistently lower at the degraded land class,
except in the case of the severely degraded site, KALA, where the water table rose high above the peat
surface and became a floodplain in the wet season. Water table amplitudes at the degraded sites were
also much greater than at the intact sites.

Air and water temperatures were found to be higher in both seasons in degraded peat swamp for-
est as there is no forest to facilitate a microclimate. There was also greater abundance of dissolved oxygen
in both seasons in the degraded channels. The gas exchange velocities appeared to be reasonable for the
type of channels, and therefore the chamber flux measurements considered to be reliable. Dissolved CO,
was higher at the intact land class during both seasons, and because the gas exchange velocities between
the land classes were not considerably different, the main driver of CO, flux was considered to be dis-

solved CO,. The CO, fluxes were consequently much higher for the channels at the intact land class.
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However, the CO, evaded from the channels at the intact class is considered to be modern, whereas for
the channels draining intermediately degraded peat swamp forest the CO, was many hundreds of years
old, and over 1,000 years-old at KALA, the severely degraded site.

Less dissolved CO, was present in the channels at the degraded land class. This could have re-
sulted from a) lower rates of respiration of organic matter in degraded peat swamp forest and/or less
throughflow of porewater that could transport CO, resulting from edaphic respiration to the channels,
or b) DOC quantity and quality was poorer in/reaching the channels of the degraded land class, limiting
in-stream respiration. It is likely that these possibilities are not mutually exclusive and the abundance of
CO, in the channels is controlled by moth mechanisms. Further work is required to identify the relative
importance of these mechanisms as drivers of CO, concentrations in channels draining peat swamp for-
est.

The intermediately degraded sites had higher than expected concentrations of DOC and CO,
which may have resulted from re-vegetation of the catchments by herbaceous plants (Moore, 2011), or
from nearby human settlements using the channels for sanitation. The severely degraded site at KALA
consistently had the lowest dissolved CO, suggesting a low quality of substrate and/or a smaller com-
munity of organisms involved in degradation of organic matter, in the surrounding peats, or within the
channel waters. Further study is required to more fully understand the sources of DOC and CO, within
the channels, and the make-up of the degrading microbial communities and their metabolic rates and /or
potentials.

The dry season water table was significantly lower than in the wet season and, as mentioned
above when discussing the difference between the water tables at the intact and degraded land classes,
dissolved CO, concentrations dropped in the channels at both land classes may have dropped for the
same reasons: a) less overland and through-flow could reduce delivery of dissolved CO, and/or more
labile C substrates to the channels; and b) lower water tables could result in a smaller wetted volume of
peat being in contact with the channel hence restricting the amount of CO, and DOC that can be trans-
ported to it (see Fig. [3.23). Further, the DOC would come from deeper layers in the peat and hence would
be expected to be more recalcitrant. The seasonal differences suggest that biogeochemical conditions at
the intact land class become more similar to degraded peat swamp forest when the water table is lower,

and hence the water table may be an effective proxy for assessing and categorising the condition —or
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level of degradation— of peat swamp forest, from a C-cycling perspective.
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Figure 3.23: Schematic of the main sources of DOC and CO, to a channel draining intact peat swamp forest in a wet and dry
season (left and right panes, respectively). In the wet season when rains are frequent and intense, the water table is kept higher
and overland flows can constitute a significant source of CO, and DOC to the channels. The peat near the surface contains the
most labile carbon and nutrients, and hence this material would promote degradation and emission of CO, in and by the channels.
Though dissolved CO, may enter the channel by overland- and through-flows, however, anoxic layers that are submerged may
not produce a substantial quantity of CO,. Conversely, in the dry season when the water table is lower, the deeper peat layers
may yield significantly more recalcitrant DOC and there are negligible overland flows to provide more labile material. Further, a
reduced wetted volume of peat connected to the channel could reduce the potential size of reservoir that may yield carbon to the

channels. CO, emissions in the dry season therefore are consequently lower.

keoo values were quite low compared to those found in the literature but appear suitable for the peat
swamp forest environment, with this study providing the first reported values for headwater channels
in this ecosystem. kggp was higher at the intact land class than at the degraded land class in the wet
season. This was not directly attributable to water flow, but it was likely a factor as correlations have
been found in other studies (e.g. Lorke et al., 2015). Intact channel flows may have persisted for a while
longer during the wet season, when the channels at the degraded land class could have already merged
into extensive floodplains, which may explain the higher kgoo at the intact land class. In the dry season,
intact channels were forming still, discontinuous puddles and kgoo dropped, but koo at the degraded
land class was more or less the same. The gas exchange velocity may have stayed the same as it can be
driven by both channel flow and exposure to the wind.

As both intact and degraded peat swamp forest have highly dynamic hydrological regimes (still
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or flowing) within a year, care should be taken to obtain accurate annual kg averages.

As kgoo was not greatly different between intact and degraded peat swamp forest, the evaded CO,
followed the trend of dissolved CO,; the degraded sites consistently emitted less than intact sites. There
was less dissolved CO, and the concentration gradient between the supersaturated water and the atmo-
sphere was less steep. Intact peat swamp forest emitted approximately twice the amount of CO, than
the degraded peat swamp forest, in both wet and dry seasons, with emission during the latter season
being about half the amount of the dry season.

At the intact land class the channels may emit more CO, than the catchment soils; Jauhiainen et
al. (2005) estimated peat soil emissions of 953 g-CO,-C-m~2-yr~! in the same intact forest, whereas the
channels measured in this study produced “50 % more at 1,447 g-CO,-C-m~2-yr~!. At the degraded land
class, peat soils have been measured to produce between 823 and 1,014 g-CO,-C-m~2.yr~! (Hirano et
al., 2009). The channels in this study emitted less CO, than the peat surfaces in Hirano et al. (2009), the
annual estimate in this study being 779 g-CO,-C-m~2.

Given the above soil and channel emissions estimates, it is likely that, per square metre, the de-
graded soils emit more CO, than the channels as the water table can be below the peat surface for ex-
tended periods; the lower the water table, the greater the volume of oxidisable peat, and the greater the
potential for CO, emissions (Couwenberg et al., 2010). However, terrestrially-derived CO,, as well as
that from degradation of terrigenous DOC may still be emitted by rivers as it makes its way to the sea
and so the channels may be facilitating a greater loss of C, which is yet to be quantified for these peat
catchments.

This bottom-up study allows for a better understanding of catchment-based C cycling in peat
swamp forest and the roles that channels have in terms of landscape scale CO, fluxes (Billett et al., 2015);
these can be interpreted in conjunction with existing landscape scale data obtained from flux towers
(e.g. Hirano et al., 2007, 2009), which themselves are not able to constrain fluxes from the various point
sources that contribute to the total measured flux (Matthews et al., 2003). The study areas used in this
investigation have been the subject of several C balance and greenhouse gas flux studies, both terrestrial
and aquatic, and which have used a variety of methods. The data reported are a useful addition for pro-
viding a more complete description of catchment and landscape-scale C cycling in peat swamp forest.

This study has provided further evidence that deforestation and drainage of peat swamp forest
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induces a systematic change to the ecosystem, whereby catchment C cycling and emissions of CO, have
been significantly altered. This study has quantified another pathway by which C can be lost which,
in terms of degraded peat swamp forest, cannot be replaced or accumulated as it can be in intact peat
swamp forest; the degraded catchments in this study have already released many centuries-worth of pre-
viously stored C within the two decades since they underwent deforestation and drainage. Without any
significant signs of regeneration of peat swamp forest vegetation, or when that regeneration is actively

prevented, the rapid C loss from degraded peat swamp forest is likely to continue.
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Abstract

Methane (CH,) is a powerful greenhouse gas that may become the dominant greenhouse gas warm-
ing our atmosphere, later this century. Tropical wetlands emit 10—-23 % of the total amount of CH, to
reach our atmosphere. Wetland CH, production is primarily hydrology-dependent. Developing coun-
tries have been rapidly draining large areas of wetlands, often fundamentally altering their hydrology
and CH, cycling. Coverage of degraded (deforested and drained) tropical peat swamp forest (PSE),
a normally carbon-dense wetland found mostly in southeast Asia, has overwhelmingly risen in recent
decades. Comparatively little work has been done on ground-level PSF CH, emissions and the processes
governing those emissions. Fluvial systems draining peat can be a significant source of CH, within a
catchment. This is the first investigation of emissions from channels draining intact and degraded PSE.
Intact PSF channels were used as a baseline to assess the impacts of land-use change on CH,. Degraded
PSF channels were relatively strong and persistent emitters of CH,, releasing 13.3 and 29.6 mg-CH,-
C-m~2.d7!, respectively, in wet and dry seasons. During the wet season, intact PSF channels emitted
considerably less CH, (2.1 mg-CH,-C-m~2-d~'). However, CH, emission in the dry season rose "4—times
to 7.8 mg-CH,-C:m~2.d !, whereas at the degraded PSF that rise was only 2—times. Dissolved CH, rose
despite lower water tables and more abundant dissolved oxygen was present that might otherwise in-
hibit methanogenesis and promote methanotrophy. Seasonal temperature changes could not account for
changes in rates of methanogenesis. It appeared that most CH, derives from lateral flow from deeper
peats, and in intact systems this CH, is normally oxidised, or translocated by trees. Further, the study
found that intact PSF can cycle CH, similarly to degraded PSF, when water tables are low. Degradation

was concluded to fundamentally alter CH, cycling in PSE.

4.1 Introduction

Wetlands, globally, are the largest single source of methane (CH,) to the atmosphere. They contribute
20—39 % of total CH, emissions which amounts to 100—231 Tg-yr~! (Laanbroek, 2010). Wetlands are
typically inundated with water for significant periods of the year and this provides the anoxic condi-
tions necessary for methanogenesis (Schlesinger and Bernhardt, 2013).

Of the total wetland emission of CH, to the atmosphere, 50—60 % comes from tropical wetlands
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(Bloom et al., 2012). This is a disproportionately large amount as the greatest extents of wetlands are
found in temperate zones (Kochy et al., 2015).

Methanogenesis in tropical wetlands is driven primarily by precipitation, rather than tempera-
ture, the latter being the primary driver in temperate regions (Turetsky et al., 2014). However, it is not
precipitation alone that dictates the rate of methanogenesis, it is whether the hydrology of a wetland
permits an aboveground water table so that the soils become anoxic (Couwenberg et al., 2010).

Countries in the tropics are generally in a state of development. Tropical nations primarily kick-
start their economies by exploiting their natural resources. This has led to considerable amounts of
wetland being drained (Barbier, 1993; Junk et al., 2013). In Southeast Asia, up to 50 % of peat swamp
forest (a particularly carbon-dense wetland) has been deforested or converted for agricultural use (Junk
etal., 2013).

Large tracts of peat swamp forest in Indonesia have been deforested and drained, using channels
cut through the peat surface. The channels have greatly altered the hydrology of such peatlands and
have led to the water table residing beneath the peat surface for protracted periods of time (Sundari et
al., 2012). As a result of altered water tables, the production and/or emission of CH, is likely to change
(Couwenberg et al., 2010). Further, degraded areas of peat swamp forest receive significantly less rain
than intact areas (McAlpine et al., 2018; see Chapter 2). Reduced rain input to the catchment could lead
to exacerbated water table drawdown. As yet, no comparative study has been conducted to investigate
how degradation affects channel emission of CH, with respect to an intact peat swamp forest ecosystem.

Intact peat swamp forest soils have been shown to be a source of CH, during wet seasons and
a weak sink of CH, during dry seasons (Jauhiainen et al., 2005). Annual terrestrial emissions from in-
tact peat swamp forest in Central Kalimantan, Indonesia have been estimated to be quite low compared
to peatlands in the temperate zone (1.36+0.57 g-C-m~2-yr~!; Jauhiainen et al., 2005; Couwenberg et
al., 2010). Degraded peat swamp forest in South Kalimantan was estimated to have lower CH, emis-
sions than the intact peat swamp forest in Jauhiainen et al. (2005), but the difference was not substantial
(1.24£0.4 g-C-m~2-.yr~!; Inubushi et al., 2003). Neither the study by Jauhiainen et al. (2005) nor Inubushi
et al. (2003) included CH, emissions from trees, which can act as a major source of CH, in wetlands
(Pangala et al., 2013).

A study by Pangala et al. (2013) found that wet season emissions of CH, from peat hollows in
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intact PSF were lower (0.11+0.03 g-C-m~2.yr~!) but that significantly more was being lost via tree stems
(0.18+0.02 g-C-m~2-yr~'). This finding indicates that trees dominate terrestrial ecosystem emission of
CH, from PSF. In degraded PSF, the contribution to ecosystem CH, emission by tree-mediated pathways
would be expected to be negligible, as they are comparatively rare (see Chapter 2).

Methane can also be transported via lateral flow as the swamp forest peat is known to be much
more permeable than peats of the temperate zone (Baird et al., 2017; Hoyt et al., 2017). If channels exist
in the peat a significant portion of CH, could be transported and emitted from the channel surface.

There are currently no data on channel emissions of CH, except for some measurements carried
out by Jauhiainen and Silvennoinen (2012), however this included only degraded peat swamp forest.
Peat-draining channels are characteristically supersaturated with CH,, therefore they may make a sig-
nificant contribution to total catchment CH, flux. This contribution could be higher than in temperate
peat catchments, owing to the higher permeability and greater translocation potential of CH,.

Degraded peats have been known undergo compaction and that would reduce the permeability
of the surface peat (Tonks et al., 2017), but Baird et al. (2017) considered that rates of peat oxidation
in degraded peat swamp forest are currently what would be expected from permeable, non-compacted
peat. This is supported by the findings of Arai et al. (2014) that degraded peats in Kalampangan, Central
Kalimantan, had a high porosity ("90 %). There is a possibility that large quantities of CH, are reaching
the channels in both intact and degraded peat swamp forest.

There are several sources and sinks of CH, that could affect CH, emissions from the channels,
examples of those sources and sinks in an intact peat swamp forest are presented in Fig. In terms of
the dominant sources of CH, in or to the channels, CH, can be produced a) in-stream by methanogenesis
in anoxic sediments (Maclntyre et al., 1995); b) in the anoxic bulk peat (Sundh et al., 1994; Bubier et al.,,
1995), and c) in the rhizosphere as a result of deposition of root exudates (Girkin et al., 2018). The first
source is dependent on sediment temperature, water flow velocity and oxygen content, and hydrostatic
pressure on the channel bed (Jones et al., 1995; Chanton and Whiting, 1995; Truax et al., 1995), but these
are not expected to be very different between the channels of the two land use types; for instance, water
depths and flow rates were of the same order of magnitude according to Moore (2011) (also see Ap-
pendix Fig.[7.1). The latter two sources, bulk peat and rhizosphere methanogenesis, are dependent on

water flowing through the peat to carry dissolved CH, to the channels without it being oxidised. How-

169



ever, upon reaching the channel the CH, can be oxidised in-stream in the presence of dissolved oxygen.

A major limiting factor on the amount of CH, reaching the channels via through flows in the peat
could be due to plant-mediated transport: aerenchymatous plants, which are typical of wetland ecosys-
tems such as peat swamp forest, can passively transport CH, from the rhizosphere to the atmosphere
(Pangala et al., 2013) before it reaches the channels. This requires the rhizosphere to be sufficiently moist
to allow gas exchange across the root cortex (Brix et al., 1992; Whiting and Chanton, 1996). Further,
plants also translocate O, from the atmosphere to the rhizosphere and this could lead to the oxidation
of CH, near the roots. This passive oxidation can also reduce the size of the potential CH, reservoir that
might otherwise reach the channels. However, degraded peatland typically has far less vegetation, and

so these processes are less likely to apply to such land use types.

Through flows:

Methanogenesis in CH,

waterlogged
rhizosphere o,

Through flows:
CH,

Methanogenesis in
anoxic peat

Methanogenesis in
anoxic sediments

Figure 4.1: Sources and sinks of CHy for a channel in an intact peat swamp forest. The main terrrestrial sources of methanogenesis
in the peat are in the rhizosphere and in the deeper bulk peat. CH, can also be produced in the bottom sediments of the channel.
CH, may be transported from the peat to the atmosphere by plant-mediated transport, or oxidised in the rhizosphere, before it
reaches the channel. Emissions from the channels may be by floating mats of vegetation, by diffusion of free CH, in the water

column, or by bubble ebullition from the bottom sediment.
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The position of the water table at the study sites may therefore play an important role in the amount of
CH, reaching the channels, and the amount of CH, they can emit. This study took place simultaneously
with the CO, emission study in Chapter 3; in the late wet and dry seasons of 2015. There was a major
change in the water table during this time, to the extent that the water table dropped beneath the beds of
the channels. Such a significant drop in the water table could considerably reduce the volume of wetted
peat and/or rhizosphere and therefore could have a large impact on CH, emissions between seasons.
This study aims to quantify the amount of dissolved CH, present in channels draining both intact
and degraded peat swamp forest, and establish how much CH, may be being emitted from the channel
surface, with the exception of floating mats of vegetation (MacIntyre et al., 1995) as these did not occur
at the study sites. In a wet and a dry season, intact peat swamp forest will be treated as a ‘baseline
peat swamp forest” from which to assess the changes to CH, cycling that result from deforestation and
drainage. The sources and sinks of CH, were not measured, but the abundance of dissolved CH, and
CH,4 fluxes could be used to infer some changes to CH, production and degradation in the peat, provided

that CH, production is not overwhelmingly dominated by the bottom sediments of the channels.

4.1.1 Hypotheses

* Hy: CH, emissions are the same from channels draining both intact and degraded peat swamp

forest.

e H;: CH, emissions will be higher in degraded peat swamp forest as there are comparatively very
few plants to mediate transport to the atmosphere, or a substantial rhizosphere to facilitate CH,

oxidation, with respect to intact peat swamp forest.

4.2 Materials and Methods

This investigation was carried out in the same locations, simultaneously with the CO, investigation in
Chapter 3. The CO, fluxes were used to estimate the diffusive flux of CH, (see Materials and Methods for
detailed explanation). The same air and water temperatures, and other environmental measurements,
used to calculate CO, fluxes in Chapter 3 were also used to calculate CH, fluxes in this investigation.

Annual flux estimates reported in this chapter were calculated as in Chapter 3.
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Critically, this chapter does not include CH, ebullition data. Ebullition is often the dominant
emission pathway with respect to total CH, fluxes from freshwater systems. The investigation was set
out to obtain ebullitive fluxes by: a) using CO, flux data to infer the gas exchange velocity in the channels
and henceforth the diffusive component of the CH, flux, and b) taking gas measurements of the chamber
headspace to determine the total flux of CH, and then subtracting the diffusive component of the total
flux, to give the ebullitive flux.

Two critical problems were encountered that meant that the headspace gas samples couldn’t be
analysed. Firstly, the Los Gatos UGGA analyser was seriously damaged in transit when being shipped
back to the UK from Indonesia. The UGGA had to be sent to the USA to be repaired and consequently this
consumed months on analytical time. Secondly, it was discovered that the UGGA lost its precision when
measuring near-ambient concentrations of CH, (and CO,, when used in it closed-loop configuration
(method and measurement problems are described in the Chapter 2). The headspace samples by nature
only captured the comparatively short period of deployment time (between 5—10 minutes) and this was
not sufficient to raise the headspace concentration far enough above ambient concentration. As a result,
the UGGA could not be used for this kind of analysis.

The data presented in this thesis pertain only to diffusive fluxes. However, having taken up a
position at the University of Nottingham I now have access to a GC fitted with an autosampler. It is now
possible to analyse those headspace samples accurately and also obtain data for CH,, CO, and N,O,
simultaneously. I have arranged to work with a colleague, Dr. Sofie Sjogersten, who investigates gas
fluxes in tropical peatlands, and we will analyse the headspace and other samples I have remaining.
From these analyses of three gases it will be possible to produce a more complete picture of greenhouse

gas fluxes from the study channels than was originally possible during my studentship.

4.3 Results and Discussion

4.3.1 Water table and channel depth

This section presents data from the late wet season of 2015 (LWS) and the dry season during the 2015 El
Nifio event (EDS). As was discussed more extensively in Chapter 3, there was a very large drop in the

water table during the dry season with respect to the average range of the water table measured over
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three years; the usual range in from just above the peat surface to -25 cm, but during EDS it dropped be-
low -100 cm (see Fig.[4.2), left pane). The water table was therefore beyond the reach of most plants’ roots
(see Chapter 1) and therefore, as will be discussed in this chapter, could have significant consequences
for the production and vegetative transportation of CH, in and from the peat soils.

There was no significant difference in the late wet season in terms of water level relative to the
peat surface, where the channels at both land classes were mostly at or near bankfull; i.e. the water level
in the channels at both land classes was at or near the same level as the peat surface (median water levels
were -12 cm and 2 cm at the intact and degraded land classes, respectively; see Fig. right pane). At
the degraded land class, however, the water level was much more variable and dropped below the peat
surface as well as forming a floodplain above it, whereby the total amplitude was almost 250 cm com-
pared to 75 cm at the intact land class. The greater water level amplitude was captured when waters
were high during the peak of the wet season, and then it dropping lower than the peat surface as the wet

season transitioned into the dry season.
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Figure 4.2: Pane a) A 3-year water table dataset provided by the Borneo Nature Foundation for the intact land class. It shows
measurements from six dip wells; three adjacent to SAB2, and three adjacent to SAB3. The mean water level is shown as a bold
black line. The data presented in this section pertain to the LWS and EDS sampling seasons (indicated toward the bottome of the
plot), the latter conducting during the 2015 El Nifio event. During EDS, the water table depth dropped well below normal range
(highlighted by the horizontal grey band). Sundari et al. (2012) observed that the water table at the degraded land class did not
exceed that of the intact land class during the dry season. No water table data were collected for the degraded land class, but Pane

b) shows that the water level in the channels was always lower at the degraded land class than at the intact land class during EDS.)

In the dry season, the water table as determined from the channels was significantly lower at the de-
graded land class (median = -117 cm) with respect to the intact land class (median = -42 cm). This
supports the findings of Sundari et al. (2012) that demonstrated that the water level in intact PSF was
always higher than degraded PSF, and that degraded PSF underwent greater seasonal extremes. Though
water table data were not available for the degraded land class, it is reasonable to assume from the water
level data collected in this study, and water table data collected by Sundari et al., that the water table at
the degraded land class was lower than at the intact land class during the dry season.

Air and water temperatures were significantly higher (by 3—6 °C) at the degraded land class in
both the late wet season and the dry season. The greatest differences between land classes occurred in
the wet season, owing to a cooling microclimate effect at the intact land class (see Chapter 3). Water tem-
perature would have a significant effect on the solubility of CH,, owing to its poorer solubility in water
than CO,. A lower solubility would promote emission of CH, to the atmosphere (Benson and Krause,
1984).

The degraded land class had about twice as much dissolved oxygen in the channel waters than the
intact land class, during both seasons. The warmer water temperatures at the degraded land class would
have caused a reduction in the solubility of oxygen, with respect to the cooler waters of the intact land
class (Benson and Krause, 1984). However, the intact land class had less oxygen due to its consumption
by heterotrophic processes (see Chapter 3).

The degraded land class had reasonably well-oxygenated waters (see Chapter 3) which could have
inhibited methanogenesis in the channel sediments. Aeration of the sediments could be enhanced par-
ticularly if the channel was flowing (Jones et al., 1995; Truax et al., 1995). The same could be true of

the intact land class, except that with less oxygen present, the capacity for aerating the sediments and
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inhibiting methanogenesis would be less than the degraded land class. In terms of the oxygen content
of the water, the degraded land class has a greater potential for oxidising sediments and reducing CH,

production.

4.3.2 Dissolved CH,

In the late wet season median dissolved CH, was much higher at the degraded sites than at the intact;
medians for TAR1, TUN1 and KALA were 579, 2,361 and 1,115 patm, respectively, while only 133, 186

and 94 patm at SAB1-3 (see Fig. [.3).
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Figure 4.3: Dissolved CH, by site. In the late wet season intact dissolved CH, was very constrained and comparatively low where
medians ranged from 94 to 186 patm. Dissolved CH, at the degraded sites had much greater variances and were much higher,
medians ranging from 579 to 2,361 patm. In the dry season the degraded sites remained in the same range with 1,285 to 1,837

patm, whereas the intact sites increased markedly to a range similar to the degraded sites (medians = 515—2,518 patm).

Median dissolved CH, at the intact sites increased markedly in the dry season; 2,518, 1,023, 515 pratm for
SABI1-3, respectively. At the degraded sites there was some change, but the values remained similar to

those of the late wet season; 1,749, 1,837 and 1,285 patm for TAR1, TUN1 and KALA, respectively.
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Figure 4.4: Partial pressures of dissolved CH, by land class in the late wet and dry seasons. In the late wet season, the intact land
class median was 166 patm CH, and partial pressures were significantly lower than the degraded land class (median = 1,215 patm
CHy; p <22 x 10~16). In the dry season, the degraded land class median increased slightly to 1,341 patm CH,, but the intact
land class median rose 5.8—times to 968 patm and the partial pressures were not significantly different to the degraded land class.
Low water levels could have retarded the intact forest’s ability to oxidise CH, in the rhizosphere, or translocate CH, via trees’

aerenchyma.

During the late wet season, median dissolved CH, was over 7-times higher at the degraded land class;
1,215 patm, compared to 166 patm at the intact sites, which demonstrated comparatively little variance
in the partial pressures (see Fig. [4.4). Dissolved CH, was highly constrained and demonstrated little
variation, whilst greater ranges of values were found at the degraded land class; the intact land class
(n = 184), apart from a single, seemingly anomalous value of 9,138 patm, occupied a range between 44
and 280 patm CH,. Only 5 % of values at the degraded land class (n = 8 of 153 observations) were low
enough that they occupied that range. A Wilcoxon’s rank sum test found the land classes to be very sig-
nificantly different with a large effect size; W =314, p < 2.2 x 10716, r = -0.66. This clearly demonstrates
that deforestation and drainage significantly changes the way in which CHj is cycled in peat swamp
forest ecosystems.

CH, is produced in abundance in wetland soils, largely due to their comparatively deep and

anoxic soils. As a result of these conditions, wetlands are the largest single source of CH, emitted to
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the atmosphere (Ito and Inatomi, 2012). Most of the CH, is oxidised to CO, in oxygenated soils or the
water column, before it reaches the atmosphere (Schlesinger and Bernhardt, 2013). The comparatively
low amounts of dissolved CH, in the intact channels during the wet season may result from a few phe-
nomena, that are not mutually exclusive: a) that the intact land class channel sediments were producing
negligible CH, that was dissolving as free CH,, compared to the channels at the degraded land class;
b) that rhizosphere oxidation was occurring in the intact land class peats, whereas at the degraded land
class oxidation rates were much lower; and/or c¢) more CH, may have been transported out of the peat
by plant-mediated transport at the intact land class, whereas little of this was occurring at the degraded
land class. None of these processes were measured and so further study is required to understand the
mechanisms driving CH, abundance in the channels, but the aforementioned possibilities will be dis-
cussed below.

One of the clearest differences between the intact and degraded land classes was the vegetation
cover; a metabolically active forest ecosystem at the intact land class, whereas at the degraded land class
it was much more sparsely vegetated, with ferns, reeds and grasses. Therefore, root density at the de-
graded land class could reasonably be expected to be significantly lower. As the rhizosphere in the forest
could be more voluminous and complex than at the degraded land class, this could promote greater
larger amounts of plant-mediated transport of CH, out of the peat, whilst also providing a much better
environment for methanotrophs and methane oxidation due to the ingress of O, into the peat from the
aerenchymatous plants. Both processes would reduce the amount of CH, that could be transported to
the channels, and therefore it could be expected that the greatest effect of these processes would be evi-
dent at the intact land class.

Very low partial pressures of CH, were detected in the water at the intact land class and so it
is possible that the larger amounts of plants present were promoting oxidation and/or tree-mediated
translocation of CH, to the atmosphere. It is also less likely that the degraded sites will be dominated
by aerenchymatous plants which specialise in waterlogged soils, as the degraded catchments likely have
drier upper peat profiles owing to the greater degree of drainage and lower average annual water table
(Sundari et al., 2012). This indicates that even if vegetation cover were equal, the degraded land class
may be less able to mediate oxidation of CH,, or CH, transport, by plants. Further study could inform

as to the potential for CH, oxidation/transport by plants, by surveying the vegetation at the sites. Soil
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moisture is an important component of the rhizosphere where water provides a solute in which microbes
can live, nutrients and gases can dissolve and reactions occur. Drier upper peats at the degraded land
class could also make the soil less hospitable to methanotrophs as well as reduce the potential for plant-
mediated transport of CH,.

The low rainfall anomaly of the 2015 dry season during the El Nifio meant that channels became
much shallower and/or became a discontinuous set of puddles. In some cases the channels dried out
completely and water levels dropped below the channel bed. As the channels are cut into the peat sur-
face and there was little or no water being retained above the channel bottom this meant that the water
table was considerably below the actual peat surface. The water table was therefore out of reach to much
of the rhizosphere (see Chapter 1); this was confirmed by a study by Jauhiainen et al. (2005) in the same
study region which found that 83 % of the rhizosphere was located in the top 25 cm of the peat.

Given that plants dominate CH, emission when in freshwater environments (Chanton and Whit-
ing, 1995), and the above vegetation-related processes and the effect they could have on the abundance
of CH, in channels draining tropical peatlands, it appears that in-stream differences in CH, production
are less likely to account for the seasonal differences in dissolved CH, between the two land classes.
Hyporheic production of CH, in the sediments is usually lost as gas bubbles that rise quickly through
the water column and burst on the surface without much dissolution of CH, along the way; a gas bubble
may lose 15 % of its volume in 3 m of travel from sediment to surface (Chanton and Whiting, 1995).
Therefore the degraded land class would have to be producing CH, bubbles in the bottom sediments at
nearly 50—times the rate of the intact land class to account for the 7.3—fold difference between the two
land classes during the wet season. Methane production would then have to rise significantly at the in-
tact land class during the dry season. Methanogenesis is a ;¢ temperature-dependent process, but the
"5 °C difference between the water temperatures at the two land classes would be insufficient to account
for such a large difference in the rate of methanogenesis (Dunfield et al., 1993). Further, there is only a 1.5
°C rise in water temperature at the intact land class between the two seasons and that would not account
for a nearly 6—fold rise in methanogenesis in the dry season with respect to the wet season. Additionally,
as the channels at the degraded land class contained approximately double the amount of O, than the
intact land class (see Chapter 3), there was a much greater potential for the CH, to be oxidised both in

the channel and in the sediments, and that would mean the differences in rates in methanogenesis may
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have to be even higher. Though methanogenesis is likely to occur in the anoxic bottom sediments, it does
not look to be a significant source of CH, to the channels.

At the degraded land class, median dissolved CH, was slightly (non-significantly) higher, being
1,341 patm. At the intact site, however, dissolved CH, increased substantially to a median of 968 patm,
5.8—times that of the late wet season. A Wilcoxon’s rank sum test reported that there was no significant
difference in dissolved CH, partial pressures between the land classes; W =569, p = 0.19, r = -0.15. Due
to the extreme conditions exacerbating a soil drought, the intact land class appeared to behave similarly
to the degraded land class in both seasons.

Whereas variation at the sites was comparatively low at the intact sites during the wet season, it
increased markedly during the dry season at SAB1 and SAB2. This is likely due to the channels drying
to the point where they became a discontinuous set of puddles. Without the water forming a continuous
flowing body which mixes its contents, localised spatial differences in CH, became apparent.

The partial pressures of dissolved CH, are high compared to those reported for peatland streams,
though the literature is dominated by investigations in temperate areas and few data are available for
the tropics (Raymond et al., 2013). For instance, a study of surface waters in the Mer Bleue peatland,
Canada, had dissolved CH, partial pressures that ranged from 18—160 patm (Billett and Moore, 2008).
The partial pressures in this study are an order of magnitude higher. This likely is a result of a) higher
soil temperatures b) water table depth and, potentially, c) deeper peats (Bubier et al., 1995; Turetsky et
al., 2014).

Methanogenesis is a temperature dependent process whereby CH, production increases as tem-
perature increases (Dunfield et al., 1993; Segers, 1998). As the tropics are considerably warmer than the
northern hemisphere for much of the year, the elevated soil temperatures may create better conditions
for methanogenesis. Hirano et al. (2007) measured soil temperatures in the region to be 25—30°C. This
temperature range is near-optimal for the hydrogenotrophic methanogenesis pathway that dominates
in peatlands (Svensson, 1984). Dunfield et al. (1993) found that CH, production could be between 16 to
20—times faster at 25—30°C than at 0—15°C, which is closer to the temperature range for most temperate
peatlands.

Peatlands in the tropics are, on average, deeper than those in the northern hemisphere; average

peat depth in Indonesia is 5.5 m (Page et al, 2011) whilst in the northern hemisphere it is 2.3 m (Gorham,
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1991). Although CH, production gradually declines with peat depth (Roulet et al., 1992; Sundh et al.,
1994), the overall amount of peat producing CH, could be greater in the tropics, leading to larger quan-
tities reaching the channels.

Hope et al. (2001) reported upstream mean dissolved CH, partial pressures of 908 patm. In certain
areas of the catchment values did exceed 1,000 patm and in one year exceeded 1,800 patm. These values
are approaching the partial pressures encountered in this study. The high CH, partial pressures reported
by Hope et al. (2001) were measured in Scottish peatland headwaters. It is therefore possible that in a
tropical peatland headwater setting, where ambient and soil temperatures will be higher and will favour
methanogenesis that these partial pressures are feasible. Ueda et al. (2000) reported dissolved CH, sur-
face water concentrations in a tropical peat swamp as high as 108 M. This is considerably higher than

1.8 uM (or 879 patm) reported in Hope et al. (2001).

4.3.3 Estimated diffusive flux of CH,

Calculated diffusive fluxes of CH, in the wet season were 1.52, 2.61, 2.14 mg-C-m~2.d~! for SAB1-3,

respectively, and 10.84, 17.07, 14.07 mg~C~m*2~d*1 for TAR1, TUN1 and KALA, respectively.
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Figure 4.5: Estimated diffusive CHy fluxes by site, in the late wet and dry seasons of 2015. Note the different y-axis scales. In the
late wet season, the median intact fluxes ranged from 1.52 to 2.61 mg-C-m~2-d~!. The degraded sites were much higher ranging
from 10.84 to 17.07 mg-C-m~2-d~". In the dry season, diffusive CH, emissions increased at all sites; ranging from 6.79 to 9.43
mg-C-m~2.d~! at the intact sites to 19.35 to 32.52 mg-C-m~2.d ! at the degraded sites.

Diffusive fluxes increased at all sites in the dry season, however water volume and surface area were both
greatly reduced due to the lack of rain and so, in terms of aquatic CH, emission from total catchment
fluxes, emissions would be low with respect to the wet season. Calculated CH, fluxes were 9.43, 7.16,
6.79 mg-C-m~2.d~! for SAB1-3, respectively, and 32.52,19.35,29.71 mg-C-m~2-d~! for TAR1, TUN1 and
KALA, respectively.

Sampling at TUN1 was very restricted due to difficulty with accessing the site when it was dry
and the data reflect only one day in that season. However, the value occupies a similar range to TAR1
and KALA and the median is higher than all the intact sites, as were TAR1 and KALA. In the wet season,
TUN1 had the highest diffusive flux of CH, and perhaps for the dry season it is an underestimation.

At a land class level during the wet season: the degraded channels were calculated to emit sig-
nificantly more CH, by diffusion than the intact channels, with a strong effect between land classes
(Wilcoxon'’s rank sum test; W = 376, p < 2.2 x1071¢, r = -0.67). The degraded land class median was
6.29—times higher than the intact land class median, being 13.30 mg-CH,-C-m~2-d~! and 2.11 mg-CH,-

Cm~2.d~!, respectively.
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Figure 4.6: Estimated diffusive CHy fluxes by land class, in the late wet and dry seasons of 2015. Note the different y-axis scales.
The degraded land class had significantly higher fluxes than the intact land class in the late wet season (p < 2.2 x10716) and there
was much greater variability in the data (medians were 2.11 and 13.30 mg-CH,-C-m~2.d~! for intact and degraded land classes,
respectively). In the dry season median diffusive fluxes rose at both land classes. The degraded site maintained significantly
higher fluxes (p < 2.2 x10716), though the proportional difference between land classes was less (medians were 7.76 and 29.64

mg-CH,-C-m~2.d~! for intact and degraded land classes, respectively).

During the dry season, CH, flux increased at both land classes and the same pattern emerged: the cal-
culated diffusive flux at the degraded land class was significantly higher (3.8—times) than at the intact
land class (Wilcoxon’s rank sum test; W = 11,113, p < 2.2 x10716, = -0.52). The effect size, though still
strong, was reduced. The degraded median was 29.64 mg-CH,-C-m~2-d~! and the intact median was
7.76 mg-CH,-C-m~2.d~!. These dry season medians were 3.7 and 2.2—times higher than the wet season
medians for the intact and degraded land classes, respectively. The forest channels, therefore, produced
the greatest seasonal response, switching from emitting just a little CH, to emitting substantially more,
per unit area.

As mentioned previously, the actual area the channel water covered was small in the dry season
compared to the wet season, and so this likely constitutes a net-reduction of CH, emissions from the
channels with respect to total CH, emissions.

In the case of CH,, the diffusive flux is not total flux as CH, can bubble up from sediments to the
atmosphere without dissolving in the channel water (Chanton and Whiting, 1995). CH, bubble ebulli-
tion can dominate total CH, flux, particularly in lakes (Bastviken et al., 2011), and therefore the fluxes
reported should be considered an underestimate of total CH, flux.

In the study of Jauhiainen and Silvennoinen (2012), mean ‘diffusive” CH, emissions were given
as 4.5-224.3 mg-CH,-C-m~2.d~! for a channel that was both similar and close to KALA. Their report-
ing of this ‘diffusive flux’, however, is likely an oversight, and is extremely likely to be erroneous; their
method of taking headspace samples from floating chambers could not have excluded nor constrained
CH, ebullition from channel sediments. They also state that “visible gas bubbles surfacing on canal wa-
ters (ebullition) was [sic] noticed at several locations during the data collections [sic].” If those bubbles
were not caused by fish or other things disturbing the channel’s sediments, and was due to CH, ebulli-
tion, their flux is far more likely to be the sum of diffusive and ebullitive CH, fluxes.

As what are likely to be cumulative diffusive and ebullitive fluxes in Jauhiainen and Silvennoinen
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(2012) were significantly higher than the diffusive fluxes reported in this study, it indicates that ebullition
may overwhelmingly dominate total flux by almost an order of magnitude. The contribution of ebulli-
tion to total CH, flux has been shown to be generally lower in streams and rivers than lakes (12.8—60
%; Crawford et al., 2014). As flow in the channels can drop to unmeasurable levels (using the hand-held
impeller in this study) during the peaks of the wet and dry seasons, the channels can, for significant
periods of the year, largely behave similarly to lakes in terms of their gas exchange velocity. A dominant
ebullitive contribution to total CH, flux is therefore possible at times of low flow.

CH, fluxes are known to vary significantly within the day, which is partly controlled by temper-
ature; Bastviken et al. (2004) reported 9—158 % higher emissions in the daytime, in boreal lakes. All
measurements were made during the day and therefore the diffusive flux may be an overestimate de-
pending on whether temperature affects diffusion more than ebullition.

Although there is a lot of variation in the literature, the fluxes reported here are quite low, even
compared with studies of temperate rivers. At the lower end Jones and Mulholland (1998) reported
0.3—10 mg-CH,-C-m~2-d~! and de Angelis and Scranton (1993) reported 6.1 mg-CH,-C-m~2-d~*, for
the Walker Branch and Hudson rivers, respectively. Higher ranges were reported by Lilley et al. (1996)
and Hope et al. (2001), being 0—238 and 0—345 mg-CH,-C-m~2-d ™!, respectively in Pacific Northwest
and Scottish rivers. The latter are both higher than the fluxes of Jauhiainen and Silvennoinen (2012), but
within the same order of magnitude.

In the context of the catchments, the streams act as year-round CH, sources. In comparison, intact
peat swamp forest soils in the area were estimated to be a weak sink of CH, on an annual basis (-0.156
to -0.276 g-CH,-C-m~2-yr~!) while degraded peat swamp forest soils were a source of CH, (0.147—0.206
g:CH,-C-m~2-yr~!; Jauhiainen et al., 2008). Again, with little forest to introduce recently photosynthe-
sised carbon into the channels at the degraded sites, it is likely that the vast majority of the CH, must be
coming from the peat and, at the degraded land class particularly, may be ancient in origin (cf. Moore et

al., 2013).
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4.4 Conclusions

Degradation in the form of deforestation and drainage affects the ability of peat swamp forest to regu-
late its near-surface water table, and as methanogenesis is a process that requires in waterlogged, anoxic
soils, CH, cycling in can be greatly perturbed. Although water table drawdown was significant during
the dry season (which was during an El Nifio), it would likely have been in the range of 1-2 m (Sun-
dari et al., 2012). As the peats are deeper than this at both land classes (see Chapter 2), there would
still be some metres of peat that would remain wetted and anoxic, and these conditions would promote
methanogenesis.

Dissolved CH, was much higher in degraded peat swamp forest with respect to intact peat swamp
forest, during the wet season. Partial pressures were low at the intact sites, likely due either to methane
being removed by bacterial oxidation near the soil surface, or trees translocating the CH, to the atmo-
sphere via their aerenchyma. The degraded peat swamp forest, lacking trees that would provide oxygen
and habitat for methane oxidising bacteria, or significant amounts of aerenchyma, consequently had con-
siderably more dissolved CH, in the water; it likely was not being oxidised or translocated, as it were
at the intact sites. It is much less likely that the differences in dissolved CH, concentrations were due
to differences in the rates of methanogenesis between land classes or seasons. In the dry season, there
was no significant difference between the land classes despite the degraded sites having similar partial
pressures to those they had in the wet season; intact dissolved CH, had risen considerably, likely due
to extreme water table drawdown and soil drought resulting from the low rainfall anomaly of the 2015
El Nifio. Further study is required to understand the relative contributions of rhizosphere oxidation,
tree-mediated transport and sediment and bulk peat methanogenesis and methanotrophy as sinks and
sources of channel CH,.

Calculated CH, emission was consistently higher at the degraded sites. This occurred as a result
of the high partial pressures of dissolved CH,, and during the dry season, in combination with the higher
keoo (see Chapter 3). The higher gas exchange velocity was probably affected by the open, unforested
nature of the sites, and winds could disturb the water surface. As a combination of reduced CH, de-
struction and/or tree root translocation, and greater gas exchange velocities due to exposure, degraded
peat swamp forest channels become a significant source of CH,.

The channels largely appear to be hotspots of CH, emission with respect to the peat and trees (of
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the intact land class) within their respective catchments: This study found that intact channels in the wet
season emitted 2.11 mg-C-m~2-d~! which is much higher than the emissions reported in Pangala et al.
(2013); the peat surface and trees emitted 0.29 and 0.50 mg~CH4—C~m*2~d*1, respectively.

In terms of annual estimates, the intact land class channels emitted 1.26 g-C-m~2.yr—!, which is
less than the 1.36 g-C-m~2.yr~! which was estimated to come from the peat surface (Jauhiainen et al.,
2005). Channels at the degraded land class emitted much more CH, (6.35 g-:C-m~2.yr~!) than degraded
peat swamp forest soils in South Kalimantan (1.20 g-C-m~2-yr—!; Inubushi et al., 2003).

On a catchment basis, Block C probably emits considerably more CH, from its channels (and
floodplains) than the Sabangau Forest. However, the size of the catchments and seasonal surface water
extent need to be properly quantified before accurate estimates can be made about the channels’ contri-
bution to catchment CH, flux (see Chapter 3). If conversion and/or degradation of intact peat swamp
forest continues, this will cause CH, emissions to increase in the future.

This study did not include the ebullitive term for CH, which so far has not been investigated and
constrained for intact or degraded peat swamp forest. Jauhiainen and Silvennoinen (2012) measured a
larger total flux of CH, from a degraded channel near KALA, where mean flux ranged from 4.5—224
mg-CH,-C-m~2.d~! in wet and dry seasons, respectively. Given that the diffusive fluxes measured in
this study are considerably smaller, it may be that ebullition of CH, is a far more significant contributor
to total CH, flux. Ebullition of CH, from peat swamp forest channels is therefore an important term to
constrain to fully understand CH, cycling and emission in these ecosystems.

Jauhiainen et al. (2005) stated that “CO, is clearly a more important greenhouse gas than CH,”
in reference to carbon fluxes from the same intact tropical peat swamp forest. The findings of this in-
vestigation necessitate a reconsideration of that statement given the much higher CH, fluxes from the
channels of the intact forest during periods of extreme dryness, and from the channels and floodplains
of degraded peat swamp forest throughout the year. The floodplains, in particular, constitute a signif-
icant evasive surface area in the wet season which is the dominant season for 75 % of the year. As the
frequency of flooding over the last 30 years has increased, and is expected to continue increasing (Wells
et al., 2016), it is likely that continued land use change will amplify the switch in ecosystem functioning
and landscape-scale evasion of greenhouses gases, particularly of CH,.

Tropical wetlands are already the most significant source of CH, globally, in terms of land type
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(Kirschke et al., 2013). Continued degradation of tropical wetlands such as peat swamp forest could
therefore be making them an even more significant source of the second most significant anthropogenic
greenhouse gas (Myhre et al.,, 2013). Better understanding of tropical wetland CH, cycling and emis-
sion from intact and degraded areas is needed, as CH, looks to become the dominant anthropogenic

greenhouse gas later this century (Zhang et al., 2017).
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Abstract

Peat swamp forests (PSF) are entirely dependent on rain to maintain their characteristically waterlogged
soils. By having waterlogged soils for most of the year, decomposition of the peat is retarded and organic
matter accumulates such that PSF acts as a carbon (C) sink and a substantial terrestrial C store, containing
3,350+110 Mg-C-ha~!. During an El Nifio event, the anomalously low rainfall can result in drought
for PSF, which can cause the water table to drop considerably lower beneath the peat surface, and for
longer periods, than normal years. Enhanced water table drawdown promotes greater peat oxidation
and a reduction in soil moisture, both of which may influence PSF C cycling and emission of carbon
dioxide (CO,) and methane (CH,). Work presented in Chapters 3 and 4 demonstrates that channels
are loss pathways of CO, and CH, from PSF and degraded peat. Here I present data on emissions
of CO, and CH, from channels draining intact and degraded PSF during and after the 2015 El Nifio
event. CO, evasion from the channels dropped significantly from wet to dry seasons and by up to “50 %
during the El Nifio. Methane emissions were up to 11—times higher from channels draining degraded
PSF (10—30 mg-CH4-C-m~2-d~!). However, the El Nifio greatly perturbed intact PSF CH, cycling with
dissolved CH, concentrations comparable to those found in degraded PSF and with CH, fluxes twice
as large as any other sampling season at intact PSF (7.5 mg-CH4-C-m~2-d~!). The drying caused by the
El Nifio was sufficiently strong to have caused intact PSF to behave similarly to degraded PSF in terms
of having comparatively high dissolved concentrations and emissions of CH,, thus shedding light on
potential mechanisms that may be responsible for observed changes in C-cycling processes that result
from degradation. The data presented here show that intact PSF may still be vulnerable to switches in

ecosystem CH, cycling during strong El Nifios such as that of 2015.

5.1 Introduction

The El Nifio—Southern Oscillation (ENSO) drives climatic extremes in the tropics. In this chapter, data
are presented to examine the effects of the 2015 El Nifio event on greenhouse gas evasion from channels
draining intact and degraded peat swamp forest.

An El Nifio typically causes anomalously warm and dry weather in Indonesia (Harger, 1995), the

country with the largest amount of tropical peatlands, globally. The peatlands in Indonesia are peat
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swamp forests.

Tropical peat swamp forest receives all its water from rainfall. The significantly reduced amount of
rain during El Nifio can cause the water table to drop considerably lower than is normal (i.e. a long-term
average). The water table dictates how much of a peat swamp forest’s soils are anoxic (waterlogged)
or oxic (exposed to the air) which can alter the cycling of C and affect emissions of CO, and CH,. On
an ecosystem scale, waterlogging of peats generally promotes the production and emission of CH, and
exposure of the peats to oxygen generally promotes the production of CO,.

From satellite data collected at a broad scale, tropical wetlands (which include tropical peatlands)
have been shown to respond to protracted drought and inundation caused by strong El Nifio and La
Nifia events in that they release globally-significant quantities of CO, and CH,; the atmospheric growth
rates of CO, and CH, jumped following the 2015—16 El Nifio and 2011—-12 La Nifia, respectively (Betts
et al., 2016; Pandey et al., 2017).

As the occurrence of strong El Nifios and La Nifas are challenging to predict, and are not partic-
ularly frequent (there have been three strong El Nifios since 1950; L’'Heureux et al., 2017), it is difficult
to plan to study their effects on ecosystem C-cycling and CO, and CH, emissions in bottom-up studies,
and hence it presents a challenge with respect to obtaining a clear understanding of the mechanisms that
promote the large-scale responses that have been observed using satellites.

Peat swamp forest soils are particularly C-dense and have been estimated to contain 3,350+110
Mg-C-ha~! (Tonks et al., 2017). Carbon loss and emission of CO, by Indonesian peat swamp forest
has been shown to accelerate during El Nifio events, mostly due to fire and peat oxidation. Intact peat
swamp forest is significantly less susceptible to fire (Siegert et al., 2001) and peat oxidation (Miettinen
et al., 2017), but the burning and oxidation of degraded peat swamp forest has resulted in the loss of
petagrams of C since being deforested and drained. Drainage channels have also been shown to be a
major loss pathway for peat C, particularly for degraded peat swamp forest.

Drought, which is exacerbated by El Nifio, had been shown to affect the composition of microbial
communities in tropical peat (Kwon et al., 2013), which has been shown to alter the way C is cycled
in the peat (Fenner and Freeman, 2011). Such changes due to drought have been shown to affect the
production and emission of CO, and CH, in a moist tropical forest (Davidson et al., 2008). As a consid-

erable proportion of CO, and CH, can enter channels laterally (Hoyt et al., 2017), changes in the rates of
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the production and transfer of those gases from the adjacent peat to the water could affect the rates of
emission of the gases from the channel.

Chapters 3 and 4 demonstrated that channels draining peat swamp forest were a source of CO,
and CH,. Further, those chapters demonstrated that CO, emissions were higher in intact peat swamp
forest than degraded peat swamp forest, whereas the converse was true for CH,. It is not yet known
whether —or how— emissions may vary from channels draining peat swamp forest during an El Nifio,
however, due to its exacerbation of drought and water table drawdown, it seems likely.

This study addresses the question: Can El Nifio events affect diffusive fluxes of CO, and CH, from

channels draining intact and degraded peat swamp forest?

5.2 Materials and Methods

5.2.1 Study sites

The study sites were as mentioned in Chapter 2 except that, due to logistical issues, BER1 was substituted
for TUN1 (see Fig. in the later two sampling seasons (in 2016). BER1 was similar to TUN1 in that it
occupied intermediately degraded peat swamp forest, where the channel discharged into the Kahayan

River and there was a human settlement adjacent to the channel.
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Figure 5.1: Map of the sampling region in Central Kalimantan, Indonesian Borneo. The provincial capital, Palangkaraya, is labelled.
Wet season sampling locations are shown in light blue and dry season sampling locations in yellow. These do not indicate the extent
of the channels, only the sampling locations. Much greater stretches of the channels were accessible during the late wet seasons
than the dry seasons (see Chapter 3). The intact Sabangau Forest National Park and degraded Mega Rice Project Block ‘C’ lie on
opposite sides of the Sabangau River. In the first two seasons, running up to and including the 2015 El Nifio, TUN1 was used as the
third degraded site, but due to logistical issues this site was replaced with another degraded site BER1 for the later two sampling

seasons in 2016. (Source map (© 2018 Google.)

The floating chamber gas flux and environmental measurement methods employed in this study were
identical to Chapters 3 and 4, and are described fully in Chapter 2. Water table data were provided
courtesy of Borneo Nature Foundation (see also Chapters 3 and 4), a conservation operation monitoring
in the Sabangau Forest.

Sampling took place in four excursions; two in a wet and dry season in 2015 (LWS and EDS,
respectively) during that year’s strong El Nifio event, and two in a dry and wet season in 2016 (PDS and
EWS, respectively), the year that followed the El Nifio. The early wet season of 2015 and the late wet

season of 2016 could not be sampled, i.e. no data could be collected for the entire wet season immediately
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following the El Nifio.

The abbreviations refer to: the late wet season in 2015 (LWS) when waters were lowering and the
channels becoming drier as the season transitioned into the dry season; the El Nifio dry season in 2015
(EDS) when the El Nifio was at its peak in terms of a terrestrial rainfall and temperature anomaly; the
post-El Nifio dry season in 2016 (PDS), and; the early wet season of 2016 (EWS) when the dry season
was transitioning into the wet season, i.e. when the water table was rising and channel water depth
increasing as a result of increased precipitation (see Table [5.1).

Fewer observations were made in EWS as compared to the other sampling seasons as another
separate experiment was being conducted. The EWS dataset comprises a day’s-worth of observations
for each of the sampling sites.

Analyses addressed the differences (in e.g. gas fluxes) between the wet seasons (LWS and EWS)
and the dry seasons (EDS and PDS), considering LWS and EDS to be directly affected by the El Nifio, and
PDS and EWS to represent more normal, non-El Nifio years. The precipitation anomaly exacerbated by
the 2015 El Nifio, with respect to non-El Nifio years was evidenced by the Sabangau Forest water table
data.

The sampling seasons conducted in the wet seasons (LWS and EWS) only constituted a few months
of the total season, respectively before and after the peaks of their respective seasons. To reflect this, they
were named according to whether they were before or after the wet season peak, i.e. early or late wet
season. This is because the phase of the wet season can have an effect on gas fluxes, for both CO, and
CH, (Bartlett and Harriss, 1993). Rewetting of dried peat, for instance when rains return following
a dry season, can stimulate high rates of degradation and CO, emission (Fenner and Freeman, 2011).
Hydrostatic pressure exerted by the channel water on the stream sediments, when high, can reduce
ebullition of CH, (Maeck et al., 2014). When hydrostatic pressure is low, for instance when channel
waters are subsiding, CH, ebullition can increase. As these intra-seasonal effects have been shown to
affect gas fluxes (Bartlett et al., 1988, 1990) they have been reported as early or late wet seasons. The
early wet season is when rains are returning and the water is rising toward the peak, and the late wet

season is when rainfall is gradually reducing and water levels are lowering.
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Table 5.1: Fieldwork took place in two campaigns that each comprised a wet and dry season, in 2015 and 2016, respectively. In
between those two campaigns was a wet season (both early and late phases) during which no data were collected. Wet seasons
are separated into two phases; when the rains return after the wet season the water levels are ‘rising’, and as rainfall reduces after
the peak of the wet season the water levels are ‘lowering’. Fieldwork was prematurely ended for EDS due to severe fires at the

degraded land class (which were exacerbated by the El Nifo).

Year Season  Water Table =~ Sampled  Season No.  Season Code  Season Months Months Sampled

2015 Wet Lowering X 1 LWS April—June April—June

2015 Dry Low X 2 EDS July—October July—September
2015—16 ~ Wet Rising N/A N/A November—March ~ N/A

2016 Wet Lowering N/A N/A April—June N/A

2016 Dry Low X 3 PDS July —October August—October
2016—17  Wet Rising X 4 EWS October—March November—December

5.2.2 Statistical analysis

All statistical analyses were performed as described in Chapter 2.

5.3 Results and Discussion

This section presents data relating to i) the water table, ii) the dissolved CO, and CH, in the channels,
and iii) the emissions of CO, and CH, from the channels, during the wet season (LWS) and dry season
(EDS) of the 2015 El Nifio, and in the dry season (PDS) and following wet season (EWS) of 2016, after the
El Nifio.

The water table is considered a causal factor for the amounts of dissolved CO, and CH, in the
channels, and the dissolved gases are considered a driver for the emissions of CO, and CH, from the
channels.

The section begins by presenting water table data gathered by the Borneo Nature Foundation at
the intact land class, and a discussion of water table data gathered by Sundari et al. (2012) between
2004—06 during which a weak El Nifo event occurred (in 2004; see Fig. [3.4)in Chapter 1) at a site nearby
the degraded land class.

The water table, dissolved gas and gas emission data are initially presented as an overview of how
they varied chronologically, which emphasises the distinct differences between EDS and the other sea-

sons and, therefore, when a strong El Nifio can be considered to have its greatest effect in relation to the
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types of data collected. Following the chronological data presentation is an analytical presentation that
considers the differences between the wet and dry seasons, respectively, during and after the El Nifio;
the effects of a strong El Nifio in terms of the collected data are more clearly highlighted at a seasonal

scale than by comparing 2015 (the El Nifo year) with 2016 (the non-El Nifio year).

5.3.1 Water table data

In the wet seasons during and after the El Nifio there was no significant difference in water table depths
(Two sample t-test, t =-1.21, df = 28, p = 0.24; see Fig. . Mean water depths at LWS and EWS were
-9.89 cm and -6.17 cm, respectively.

The water table during the El Nifio dry season (EDS) in 2015 was significantly lower than the post-
El Nifio dry season (PDS) in 2016, and the effect size was large (Two sample ¢-test, t = -5.48, df =34, p =
4.08 x1075, 7 = 0.68). The mean water table during PDS was lower than both wet seasons (-16.78 cm),
as would be expected as there is less rainfall, but the mean during EDS was substantially lower (-60.83
cm). Although water table data were not available for the degraded land class, channel water level data
at these sites indicated that the water table was significantly lower at the degraded land class than at the

intact land class (see Chapters 2 and 3).
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Figure 5.2: Comparisons of seasonal water table data at the intact land class. In the left pane are data from the two wet seasons,
LWS in 2015 and EWS in 2016. There was no significant difference in water table depth in the wet seasons. The El Nifio dry deason
(EDS) had a significantly lower water table (p = 4.08 x 10~5) than the dry season following the El Nifio (PDS), likely as there was
no rainfall anomaly (shown in the right pane). If PDS consititutes a more normal dry season (mean water table = -16.78 cm), the
El Nifio affects a considerable departure from the norm (mean water table = -60.83 cm). (Data provided courtesy of Borneo Nature

Foundation.)

5.3.2 Overview of partial pressures of CO, and CH, across the four sampling sea-

sons

The intact sites generally responded similarly across the seasons, i.e. the values increased or decreased
in unison (see Fig. . This was true for both dissolved CO, and CH,. At the degraded sites values
did not change together; some sites showed an increase where others decreased. This indicates that the
degraded sites are more different to each other —or more unstable— than the intact sites and, as a result
of this, patterns of dissolved CO, and CH, in degraded peat swamp forest may be harder to predict

without constraining the factors that may cause the variability.
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Figure 5.3: Seasonal changes in the partial pressures of CO2 (left) and CHy (right) where seasons 1, 2, 3 and 4 are LWS, EDS, PDS
and EWS, respectively. Lines are drawn to demonstrate the relative behaviours of the individual sites in the study. Two bolder,
dashed lines mark the intact and degraded land classes and their median values. Dissolved CO, at the intact land class was higher
in seasons 1—3, but high values from TAR1 and BER1 in season 4 meant that median dissolved CO, at the degraded land class
season exceeded those observed at the intact land class. Dissolved CH, at the degraded land class was consistently higher than at

the intact land class across all sampling seasons.

Median partial pressures of CO, were consistently lower at the degraded sites than at the intact sites,
except in season 4 (EWS). In the early wet season of 2016, after the 2015 El Nifio, partial pressures of
dissolved CO, at the intermediately degraded sites, TAR1 and BER1, both exceeded those of the intact
sites and were the highest values encountered in the study. These high CO, partial pressures at TAR1
and BER1 meant the median partial pressure of CO, at the degraded land class was, also for the first
time in the study, higher than the intact median.

TAR1 and BERT1 are both used by nearby human settlements for sanitation and waste, which could
add more labile C to the channels, where that would not be the case at KALA. The degradation of labile
C at TAR1 and BER1 may have resulted in the high levels of CO, that were not observed at KALA, which
is uninhabited. The increase in dissolved CO, maybe caused by something else to do with the catchment
character at the intermediately degraded sites that KALA does not have, such as the much greater veg-
etation cover, that might provide labile C to the channels. This study, however, cannot determine the
reason why dissolved CO, exceeded all intact sites, which are covered by a metabolically active peat
swamp forest.

Dissolved CO, in the intact channels dropped considerably as the water table lowered during EDS
(see Fig. [5.4), and may have dropped to even lower levels during the peak of the El Nifio dry season
in October 2015, however, the vast proportion of the channels were dry at this point and samples could
not be collected. It is likely that the same effect of lowering water tables affected the dissolved partial
pressures at the degraded land class, though water table drawdown could have been even greater than

at the intact land class (see Fig. [3.4).
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Figure 5.4: Monthly water table data from six dip wells located in the intact land class (shown with lines). The bold black line is the
smoothed mean water table. Dissolved CO, (indicated by points) in the channels dropped sharply during the El Nifio dry season
when the water table dropped markedly. The grey horizontal band shows the range in water table amplitude for the following
2016—17 year which did not have anomalous rainfall or water table depths. Yellow, red and blue data represent SAB1, SAB2 and
SAB3, respectively. There is more stochasticity in partial pressures with respect to the water table as partial pressure data were

collected at a finer temporal scale; some events that affected water table over periods of days may not show at a monthly scale.

Partial pressures of CH, all followed a similar pattern at the intact sites, where they were consistently
and significantly lower than at the degraded sites (see Fig. [5.3). However, there was a sharp rise in
dissolved CH, during the El Nifio dry season when, at SAB1, an intact site had a higher median of
dissolved CH, than any of the degraded sites. This was the highest median partial pressure of CH, that
was encountered in the study, of any of the sites.

The intact and degraded land classes both behaved broadly similarly, in terms if increases and
decreases in dissolved CH,, for the first three seasons. In the early wet season, however, the trend
diverged where the intact land class showed a decrease, and the degraded land class showed an increase,
in dissolved CH,, with respect to the post-El Nifio dry season (PDS).

At the intact land class, there was a strong response to the anomalous water table drawdown
during EDS in the later half of 2015; dissolved CH, partial pressures increased and were 4 to 11—times

higher than those recorded in the other sampling seasons (see Fig. [5.5).
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Figure 5.5: Monthly water table data from six dip wells located in the intact land class (shown with lines). The bold black line is the
smoothed mean water table. Dissolved CH, (indicated by points) in the channels rose significantly during the El Nifio dry season
when the water table dropped markedly. The grey horizontal band shows the range in water table amplitude for the following
2016—17 year which did not have anomalous rainfall or water table depths. The grey band also approximately represents the
upper 25 cm of the peat, where 83 % of the rhizosphere. The water table was deeper than -25 cm for the majority of the El Nifio dry
season. Yellow, red and blue data represent SAB1, SAB2 and SAB3, respectively. There is more stochasticity in partial pressures
with respect to the water table as partial pressure data were collected at a finer temporal scale; some events that affected water

table over periods of days may not show at a monthly scale.

The water table depth data and dissolved gas data were recorded independently, at different tempo-
ral scales; the water table data recorded by the Borneo Nature Foundation were monthly observations,
whereas measurements of the dissolved gases were made daily to weekly. To explore the relationship
between water table depth and the partial pressures of dissolved CO, and CH, in the channels of the
intact land class (see Fig. [.6), the water table data were transformed so that each observation connected
via a gradual, linear change in depth to its neighbour (i.e. gap filling). Though this may not necessarily
reflect the actual, naturally fluctuating water table (due to rainfall, etc.) it was the only way of exploring

the relationship statistically.
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Figure 5.6: CO, (left pane) and CH, (right pane) resolved as a response to water depth at the intact land class. Dissolved CO,
concentrations dropped significantly as the water table lowered (p = 0.005), and dissolved CH, concentrations rose significantly

when the water table lowered (p = 0.0004).

Statistically significant relationships were found for the partial pressures of both CO, and CH, with
respect to the water table depth; dissolved CO, reduced with water table depth (R* = 0.21, p = 0.005)
whereas CH, increased (R? = 0.32, p = 0.0004), however the R? values were small, and hence the corre-
lations were comparatively weak. This was likely partly due to a) natural variation during normal —i.e.
not non-El Nifio— months when the water table was within a normally occurring range, and, impor-
tantly, b) that the monthly water table depth data could not respond to changes at less than a monthly
temporal scale, whereas the dissolved gas concentration data were responding to changes in daily water

table depth. To properly explore this relationship a study might measure all variables simultaneously.

5.3.3 Overview of fluxes CO, and CH, across the four sampling seasons

Fluxes of CO, all followed the same general trend as highlighted by the land class medians in Fig.
Following the initial wet season, CO, emissions fell by “50 % across all sites and both land classes during
the El Nifio dry season (EDS). In the dry season of 2016 (PDS), emissions had increased at all sites but
the intact land class median CO, flux was 19 % lower than, and the degraded land class median was
approximately the same as, the initial wet season medians. Median CO, fluxes increased again in the

early wet season of 2016 (EWS), with respect to the 2016 dry season at both land classes, but the intact
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and degraded land classes were respectively less and more than the initial, late wet season (LWS).

There was good cross-land class agreement between both the intact and degraded CH, flux medi-
ans: CH, emissions increased markedly in EDS with respect to LWS, increasing over 3—times and over
2—times, at the intact and degraded land classes, respectively. CH, fluxes then fell to approximately the
values of LWS in PDS, and then reduced again during EWS.

Estimated diffusive fluxes of CH, at the intact sites strongly followed the overall land class trend,
but this was not the case for the degraded sites; CH, flux at TUN1 increased only a little in EDS with
respect to LWS; KALA had very high CH, emissions during PDS compared to the other sites; and CH,
emissions increased at BER1 during EWS with respect to the PDS, whereas for all the other intact and

degraded sites CH, fluxes decreased.
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Figure 5.7: Seasonal changes in the fluxes of CO2 (left) and CHy4 (right) where seasons 1, 2, 3 and 4 are LWS, EDS, PDS and EWS,
respectively. Lines are drawn to demonstrate the relative behaviours of the individual sites in the study. Two bolder, dashed lines
mark the intact and degraded land classes and their median values. The intact land class emitted consistently more CO, across the

sampling seasons, whereas the degraded land class was estimated to have emitted (by diffusion) considerably more CH,.
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5.3.4 Wet season comparison
Carbon dioxide

Fluxes of CO, at both sites followed the same pattern as dissolved CO, in the channel water; at the intact
land class partial pressures and fluxes of CO, were lower, and at the degraded land class CO, partial
pressures and fluxes were higher, respectively in EWS at the end of the study (2016), with respect to LWS
at the beginning of the study (2015; see Fig. [5.8).

The median partial pressure of dissolved CO, was significantly lower during EWS compared to
the LWS, that led into the El Nifio (Wilcoxon’s rank sum test, W = 1,427, p = 421 x 107°, r = -0.29);
during LWS the median martial pressure was 13,359 patm CO, was measured, whereas during EWS the
median partial pressure was 8 % lower, measuring 12,276 yatm CO,.

At the degraded land class, the median partial pressure of dissolved CO, was significantly higher
(Wilcoxon’s rank-sum test, W = 1,316, p = 5.83 x 107, r = -0.36), being 28 % higher in EWS (14,856 patm
CO,) compared to LWS (11,637 patm CO,).

Although statistically significant, the lower partial pressure of dissolved CO, at the intact land
class could be within a naturally fluctuating range of variation, which may or may not have been directly

influenced by the 2015 El Nifio. The degraded land class, however, had a 28 % increase in dissolved CO,.
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Figure 5.8: Partial pressures (a) and fluxes (b) of CO2 measured from channels draining intact and degraded peat swamp forest, in
the pre-El Nifio wet season (LWS) in 2015 and the early wet season of 2016 (EWS), respectively. Dissolved CO, was significantly
lower in EWS than LWS at the intact land class (p = 4.21 x 10~%), but was significantly higher at the degraded land class (p = 5.83
x 10~ 7). Fluxes of CO, followed the same pattern as dissolved CO, in that the intact land class emitted significantly less (p = 1.07

x 107%), and the degraded land class emitted significantly more (p = 7.19 x 10~%) CO, in EWS with respect to LWS.

Fluxes of CO, followed the pattern of dissolved CO, at both land classes. The flux of CO, at the in-
tact land class was significantly lower in the early wet season of 2016 than in the late wet season of
2015 (Wilcoxon’s rank sum test, W = 27,986, p = 1.07 x 1074, r = -0.18); the median in 2015 was 4.68
g:Cm~2.d~! and in 2016, was 11 % lower, being 4.15 g-C-m~—2.d L.

At the degraded land class, median CO, flux was significantly higher in the early wet season of
2016, with respect to the late wet season of 2015 (Wilcoxon’s rank sum test, W = 35,997, p = 7.19 x 106,

r = -0.18); there was an increase of 26 % from 2.49 t0 3.13 g-C-m~—2.d .

Methane

At the intact land class, median dissolved CH, partial pressure in the channels was significantly lower,

dropping by 47 % from 166.5 to 87.9 patm (Wilcoxon’s rank sum test, W = 1,452, p = 1.81 x 1075, r =

-0.30; see Fig. 5.9).

At the degraded land class, median dissolved CH, dropped from 1,215.2 to 1,017.4 patm, but this

difference was not statistically significant (Wilcoxon’s rank sum test, W = 2,728, p = 0.95, r = -0.005).

202



184 22 153 42 ) 230 148
NS ° Kk
r=10.005 r=-055

275

N
300
|
o

180
l

*h%
r=030

10
o o

r=-022

10000
l

£0

|

g

2000

|

-

2

|

- @o

~----dwoo o
21 Il

250
|

8000

200

8000

CH, flux (mg Cm7d ™

4000

Partial pressure of dissolved CH, (patm)
50
!

< i

T
| - 1
-

0
]

0
I

T T T T
LWS EWS LWS EWS LWS EWS LWS

Intact Degraded Intact Degraded

Figure 5.9: Partial pressures (a) and diffusive fluxes (b) of CH4 measured from channels draining intact and degraded peat swamp
forest, in the pre-El Nifio wet season (LWS) in 2015 and the early wet season of 2016 (EWS), respectively. Note the different y-axis
scales in both plots. Dissolved CH, was significantly lower in EWS than LWS at the intact land class (p = 1.81 x 10~?), but was not
significantly different at the degraded land class. Estimated fluxes of CH, were significantly lower in EWS with respect to LWS at

both the intact (p < 2.2 x 10716) and degraded (p = 1.23 x 10~°) land classes.

Diffusive fluxes of CH, were significantly different at both land classes, between the 2015 and 2016 wet
seasons, even though dissolved CH, at the degraded land class was not significantly different. This
suggests that the gas exchange velocity was significantly higher during LWS with respect to EWS (see
Chapter 3). The difference in the gas transfer velocity would likely have been due to differences in
wind strength as the flux measurements were taken during periods of inundation (and low flows) at the
degraded land class.

Median calculated diffusive flux of CH, at the intact land class was significantly lower between
the 2015 and 2016 wet seasons, and the effect size was large (Wilcoxon’s rank sum test, W = 28,096, p <
2.2 x 10716, r =-0.55). It reduced by 41 % from 2.11 to 1.25 mg-CH,-C-m~2.d !, although figures in these
ranges may be within a naturally varying range (see Fig. [5.7b).

The estimated diffusive flux of CH, at the degraded land class was also significantly lower during
EWS with respect to LWS (Wilcoxon’s rank sum test, W = 33,687, p = 1.23 x 1075, r = -0.22). However,

it reduced by a smaller amount (31 %) than the intact land class, going from a median of 13.81 to 9.48
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mg-CH,-C-m~2.d~1.

5.3.5 Dry season comparison
Carbon dioxide

The dry seasons yielded the lowest partial pressures of dissolved CO, in the study, with the lowest oc-
curred during the El Nifio of 2015. This was true of both the intact and degraded land classes.

During the El Nifo (EDS), median dissolved CO, at the intact land class measured 9,148 patm,
rising to 13,541 patm during EDS (see Fig. [5.10); EDS was 32 % lower than PDS, this being a significant
reduction which neared a large effect size (Wilcoxon’s rank sum test, W =231, p =5.97 x 1075, r =-0.49).

At the degraded land class, the lower median dissolved CO, during EDS was more pronounced, it
being 71 % lower with respect to PDS. During the El Nifio the partial pressure of CO, in the channel mea-
sured 2,669 patm, rising to 9,419 patm in the next dry season, which constituted a significant difference

with a large effect size (Wilcoxon’s rank sum test, W =258, p = 3.50 x 10~7, r = -0.56).
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Figure 5.10: Partial pressures (a) and fluxes (b) of CO2 measured from channels draining intact and degraded peat swamp forest,
during the El Nifio dry season (EDS) in 2015 and the post-El Nifio dry season in 2016 (PDS), respectively. Partial pressures of CO,
were significantly lower in EDS with respect to PDS, at both the intact (p = 5.97 x 10~°) and degraded (p = 3.50 x 10~7) land
classes. Fluxes of CO, were also significantly lower in EDS with respect to PDS, at both the intact and degraded land classes, which

both had p-values less than 2.2 x 1016,
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Median CO, fluxes during the EDS were also the lowest recorded in the study, reflecting the reduced
partial pressures of CO, in the channels.

Median CO, flux at the intact land class during EDS was 46 % lower than the dry season following
the El Nifio, and measured 1.81 and 3.36 g-C-m~2.d !, respectively. This was a statistically significant
difference with a medium—Ilarge effect size (Wilcoxon’s rank sum test, W = 13,897, p < 2.2 x 10716, =
-0.47).

The degraded land class, proportionally, had a lower flux of CO, during EDS than during PDS,
with respect to the intact land class. Median CO, flux during PDS was 2.58 g-C-m~2.d !, whereas it
was 58 % lower and 1.07 g:C-m~2.d~! during the El Nifio. A Wilcoxon’s rank sum test found this to be

statistically significant and there was a large effect size; W = 10,558, p < 2.2 x 10716, r =-0.55.

Methane

The El Nifio dry season (EDS) had consistently higher median partial pressures and median diffusive
fluxes of CH,, at both land classes, with respect to the post-El Nifio dry season of 2016 (PDS).

Median dissolved CH, at the intact land class was 365 % higher in the El Nifio dry season than
in the 2016 dry season, respectively being measured at 968 to 208 patm CH, (see Fig. [5.11). This was
statistically significant with a very strong effect size (Wilcoxon’s rank sum test, W = 1,032, p = 4.22 x
10710, = -0.77).

At the degraded land class the difference between the 2015 and 2016 dry season dissolved CH, was
not as pronounced and with a much smaller effect size than at the intact land class, but the difference
was still significantly different (Wilcoxon’s rank sum test, W = 923, p = 0.03, r = -0.24). During EDS,
median partial pressure of CH, in the channels was 1,341 patm, which was 56 % higher than PDS when

it measured 860 patm.
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Figure 5.11: Partial pressures (a) and diffusive fluxes (b) of CH4 measured from channels draining intact and degraded peat swamp
forest, during the El Nifio dry season (EDS) in 2015 and the post-El Nifio dry season in 2016 (PDS), respectively. Note the different
y-axis scales in both plots. Partial pressures of CH, were significantly higher in EDS with respect to PDS, at both the intact (p =
4.22 x 10719) and degraded (p = 0.03) land classes, though the latter was far less statistically significant. Estimated fluxes of CH,
were also significantly higher in EDS with respect to PDS, at both the intact (p < 2.2 x 10716) and degraded (p =2.56 x 10~°) land

classes.

The median diffusive flux of CH, at the intact land class was 260 % higher during EDS than in PDS, when
they measured 7.79 and 2.16 mg-CH,-C-m~2.d ™!, respectively. This difference was highly significantly
different with a large effect size (Wilcoxon’s rank sum test, W = 52,500, p < 2.2 x 10716, r = -0.63).

At the degraded land class, the difference in median diffusive fluxes of CH, between the two dry
seasons was less, with a lower effect size, but the difference was still statistically significant (W = 37,385,
p =256 x 1079, r = -0.27). The median fluxes were 29.64 mg-CH,-C-m~2-d~! during EDS, which was

76 % higher than the median flux of 16.83 mg-CH,-C-m~2-d~! estimated for PDS.

5.3.6 CO; during and after the 2015 El Nifio

Although differences were highly significant for both partial pressures and fluxes of CO,, at both the
intact and degraded land classes, the effect sizes were small to medium. As such, the El Nifio does not

appear to have a strong effect on dissolved partial pressures or emissions of CO,, with respect to whether
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a wet season falls within or outside of an El Nifio. The largest cumulative effect observed for CO, was at
degraded peat swamp forest, indicating it may be more easily perturbed by an El Nifio, than intact peat
swamp forest.

The observed differences may also have been due to the wet seasons being at different sides of the
peak of the season; for instance EWS constitutes a potentially dry peat being re-wetted which can result
in pulses of large quantities of labile DOC and CO, emissions (Fenner and Freeman, 2011).

For the dry seasons, the effect sizes at the intact land class for differences in dissolved CO, and
fluxes of CO, were very near large, and those of the degraded sites were large. The effect sizes suggest
that, during an El Nifio event, it is during the dry season as opposed to the wet season that the greatest
perturbations to dissolved CO, and CO, fluxes take place. Similar to wet season CO, dynamics, de-
graded peat swamp forest appears to be more easily perturbed than intact peat swamp forest, i.e. the
effect sizes were larger for degraded peat swamp forest in both the wet and dry season comparisons.

Partial pressures and fluxes of CO, appeared to respond to the seasons and the changes in wa-
ter table, whereby higher water tables at both land classes resulted in higher CO, partial pressures and
emissions. This is likely due to a larger amount of wetted peat connected to the channels, and greater
flows to the channels, delivering more degradable substrate and dissolved CO, from the catchment (see
Chapter 3).

Overland flow is thought to dominate water flow as it moves from the centre of a tropical peat
dome to its periphery, accounting for 84 % of total outward water flow (Baird et al., 2017). During wet
seasons when overland flow occurs at the intact land class, the water can pick up labile C substrates from
e.g. leaf litter or dissolved CO, from soil respiration. These solutes, respectively, can prime the channels
for further in-stream degradation and/or raise the dissolved CO, concentration. Higher concentrations
of dissolved CO, will cause CO, fluxes to increase, at the same gas exchange velocity.

The forest water table data (see Fig. suggest there is less overland flow and more groundwater
flow during dry seasons, when the water table drops below the surface. As such, less labile C or CO,
reaches the intact channels, and fluxes correspondingly decrease.

A degraded tropical peat dome is thought to have water flow completely dominated by ground-
water flow (Baird et al., 2017). Whilst this may be the dominant pathway at the centre of dome, the lower

parts at a dome’s periphery can flood for months at a time during a wet season (see Fig. 2.8/and Chapter
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3). This could facilitate the movement of C substrates and CO, from the wider catchment to the channels,
however, the C substrates could be more refractory (Moore, 2011). Without a metabolically active forest
dominating the catchment, there will also be less C and CO, compared to an intact catchment. Reflecting
this, the partial pressures of dissolved CO, and fluxes of CO, were generally less, particularly during the
El Nifio dry season.

Correspondingly, EDS had the lowest partial pressures and fluxes of CO, likely because the water
table was so low and therefore a smaller volume of wetted peat is connected to the channels and deliv-
ery of C substrates and CO, was reduced. The wetted peat will also be composed of deeper peat layers

where the C could be more refractory than that nearer the surface (Moore, 2011; Moore et al., 2013).

5.3.7 CH, during and after the 2015 El Nifio

Similarly to CO,, the effect sizes for the differences in wet season CH, partial pressures and fluxes were
smaller for both the intact and degraded land classes, with respect to the dry season. Additionally the
effect size was non-significant for the comparison between dissolved CH, at the degraded land class.
Though differences were highly significant between the fluxes of CH, between the wet seasons, the dif-
ferences may be within a range of natural variation (e.g. as a result of changing gas exchange velocities
due to water flow/wind; see Chapter 3).

The higher partial pressures and fluxes of CH, during LWS, particularly at the intact site, may be
an artefact of the wet season transitioning to the dry season earlier. An earlier dry season could mean
that it was drier than a typical non-El Nifio dry season, due to reduced rainfall associated with the El
Nifio. In other words, EWS might represent a more normal year.

The effect sizes for differences between dry season CH, partial pressures and fluxes were all larger
than the equivalent wet season comparisons, and similarly to CO,, the most anomalous CH, data were
gathered during EDS, particularly for the intact land class, whereby the dissolved partial pressures and
fluxes of CH, were much higher than all other sampling seasons; CH, dynamics during an El Nifio dry
season appear to change considerably from what seems to be an otherwise stable state.

It was during EDS that the intact land class underwent water table drawdown to the extent that it
was in a range similar to that of the degraded land class in normal dry seasons, where it might be >1 m

beneath the peat surface (e.g. Jauhiainen et al., 2008; Sundari et al., 2012). It was at this time (EDS) that
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the intact land class also appeared to switch state, and CH, dynamics became similar to the degraded
land class.

Another finding in this investigation was the (almost consistently) large differences in the partial
pressures of CH, between the intact and degraded land classes; the degraded land class across all seasons
except EDS, had much higher partial pressures of dissolved CH, than the intact land class. The quantity
of dissolved CH, is proportional to the amount of CH, that can be emitted by the channel, therefore CH,
emissions were consistently higher.

Being that a more normal, non-El Nifio dry season such as PDS does not seem to significantly
perturb the CH, dynamics of intact PSF, even though there is some water table drawdown, it suggests
that there is a critical depth for the water table to reach before CH, cycling alters from a comparatively
low to comparatively high CH, partial pressures and emissions.

If both land classes are responding to the same hydrological mechanism, then it appears that if the
critical depth is reached, it induces a state shift, which may have been the case at the intact land class
during EDS, but whereby the degraded land class appears to always be in that state, i.e. the channels
consistently have high concentrations of dissolved CH, and are emitting comparatively large amounts
of CH,.

From Fig. this critical limit appears to be at about 25—30 cm below the peat surface. If the
water table is much lower than 25 c¢m, as it was during EDS, then it is reasonable to assume that the vast
majority of the rhizosphere is not connected to the water table (see Chapter 1). This could be relevant
for CH, particularly as some CH, removal processes dependent on water may have been retarded by
the low water table; there may have been less oxidation of CH, in the rhizosphere and/or less uptake
by tree roots. If these processes were greatly limited it might explain why more CH, was found in the
channels at the intact land class during EDS. As there are very few trees at the degraded land class, CH,
may persist for longer as it could not be removed by rhizosphere oxidation or tree roots, which would
be supported by the CH, data.

The much higher concentrations and emissions of CH, during EDS may also have been caused by
water table dropping, causing CH, in peat pores to degas, some of which may dissolve in the water and
get transported to the channels. As the overall volume of water in the peat would be much less in a very

dry season such as EDS, it may cause the concentration of dissolved CH, to rise relative to a wetter dry
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season, such as PDS. There was a significant drop in the water table at the intact land class during EDS
and dissolved CH, did rise by 365 %, however, at the degraded land class where the water table would
have been expected to drop more, dissolved CH, only rose by 56 % and therefore was not nearly of a
similar magnitude. This may indicate that there is less CH, to degas from lower in the peat column at the
degraded land class, or that CH, removal mechanisms dominate and were greatly inhibited during EDS.
Favouring the latter possibility, PDS dissolved CH, at the degraded land class (w