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1 | INTRODUCTION

Tropical peatlands cover around 1 million km? (Xu et al., 2018) and
are unique ecosystems that contribute to global carbon storage

| Joseph Holden'

| Andy J. Baird?!

Abstract

A significant proportion of tropical peatlands has been drained for agricultural pur-
poses, resulting in severe degradation. Hydrological restoration, which usually
involves blocking ditches, is therefore a priority. Nevertheless, the influence of ditch
blocking on tropical peatland hydrological functioning is still poorly understood. We
studied water-level dynamics using a combination of automated and manual dipwells,
and also meteorological data during dry and wet seasons over 6 months at three
locations in Sebangau National Park, Kalimantan, Indonesia. The locations were a for-
ested peatland (Forested), a drained peatland with ditch dams (Blocked), and a dra-
ined peatland without ditch dams (Drained). In the dry season, water tables at all
sites were deeper than the Indonesian regulatory requirement of 40 cm from the
peat surface. In the dry season, the ditches were dry and water did not flow to them.
The dry season water-table drawdown rates — solely due to evapotranspiration —
were 9.3 mm day~ ! at Forested, 9.6 mm day~* at Blocked, but 12.7 mm day~* at
Drained. In the wet season, the proportion of time during which water tables in the
wells were deeper than the 40 cm limit ranged between 16% and 87% at Forested,
0% at Blocked, and between 0% and 38% at Drained. In the wet season, water
flowed from the peatland to ditches at Blocked and Drained. The interquartile range
of hydraulic gradients between the lowest ditch outlet and the farthest well from
ditches at Blocked was 3.7 x 1074 to 7.8 x 100* m m™%, but 1.9 x 102 to
2.6 x 1073 m m~? at Drained. Given the results from Forested, a water-table depth
limit policy based on field data may be required, to reflect natural seasonal dynamics
in tropical peatlands. Revised spatial designs of dams or bunds are also required, to

ensure effective water-table management as part of tropical peatland restoration.
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and biodiversity (Harrison et al., 2020; Page et al., 2011; Posa
et al., 2011; Warren et al., 2017). Tropical peatlands can form in a
range of settings where there is poor drainage and organic matter can

accumulate over time (Dommain et al., 2011; Kurnianto et al., 2015).
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Domed peatlands are common, mainly supplied by rainfall, with water
being lost through evapotranspiration and lateral flow into streams at
the edge of the peat mass (Dargie et al., 2017; Dommain et al., 2010;
Hirano et al,, 2015; Kelly et al., 2014). Many tropical peatlands have
been artificially drained using ditch networks as part of site prepara-
tion for plantations or other agricultural activities (Dohong, Aziz, &
Dargusch, 2017; Hooijer et al., 2012). These peatlands are thought to
be susceptible to very rapid degradation following such artificial drain-
age, due to relatively high hydraulic conductivity (Baird et al., 2017).
Drainage causes water-table drawdown in tropical peatlands (Limin
et al., 2007; Wésten et al., 2008), which may cause subsidence due to
consolidation associated with peat water loss, increased peat bulk
density, and additional mass loss due to oxic decay (Evans et al., 2019;
Hoyt et al., 2020; Kurnianto et al., 2019; Sinclair et al., 2020). How-
ever, there is a lack of studies about the effects of drainage on spatial
and temporal water-level dynamics across tropical peatlands. Such
knowledge would be useful to support our understanding of tropical
peatland degradation and restoration after drainage.

Drainage of tropical peatlands has also been associated with
enhanced fire risk (Hoscilo et al., 2011; Page et al., 2009), though land
use and land cover are important factors that also contribute to this
risk (Cattau et al., 2016; Dohong et al., 2018a; Uda et al., 2017). There
are major negative impacts of tropical peatland fires. Higher carbon
emissions have been reported from tropical peatlands converted for
rice or palm oil production than from natural or secondary forest
peatlands (Inubushi et al., 2003; Murdiyarso et al., 2010; Prananto
et al., 2020). Aside from very high rates of CO, emissions, peat fire
also causes biodiversity loss, economic loss, and human respiratory
problems (Agus et al., 2019; Ballhorn et al., 2009; Glauber et al., 2016;
Uda et al., 2019; Wooster et al., 2018). As a result of negative impacts
of peatland drainage, some tropical countries are supporting conser-
vation and restoration efforts on drained peatlands. For example, the
Indonesian government has stipulated that peat water tables may not
be deeper than 40 cm from the surface (the 40 cm limit), which is
thought to be a severe fire risk threshold, through the peatland regu-
lation initiative (President of the Republic of Indonesia Regulation
No. 120 Year 2020 about Peatland Restoration and Mangrove Agency
[BRGM], 2020; Republic of Indonesia Government Regulation
No. 57 Year 2016 about Peatland Ecosystem Protection and
Management, 2016).

The Indonesian Agency of Peatland Restoration and Mangrove
(BRGM) has identified three main aspects to restoration, which are
rewetting (including ditch blocking at intervals with dams and ditch
infilling), revegetation, and revitalisation (including protection of the
local economy and fire risk reduction; Dohong et al., 2018a; Dohong,
Cassiophea, et al, 2017; Harrison et al., 2020; President of the
Republic of Indonesia Regulation No. 120 Year 2020 about Peatland
Restoration and Mangrove Agency (BRGM), 2020). In Indonesia, ditch
dams are mostly built from locally sourced wood and mature peat
(Figure 1), and are smaller than dams across the main canals into
which the ditch networks drain (Ritzema et al., 2014). Ditch dams are
most commonly constructed in conservation areas. The dam core is

often covered by durable plastic to stop seepage. Ditch infilling, which

FIGURE 1
Indonesia

Drain blocking dam in the study site, Sebangau,

uses mature peat (Giesen & Sari, 2018), is often implemented in fire
prone areas, where the ditches are not used by local people for navi-
gation. Revegetation measures use local species (Lampela et al., 2017;
Wijedasa et al., 2020), and tend to be conducted in previously for-
ested areas that have been subjected to fire or have been affected by
drainage. Revitalization encourages sustainable local economic growth
so that the risk of anthropogenic fire can be minimized (Harrison
et al., 2020; Puspitaloka et al., 2020; Sari et al., 2021). Despite the
high costs of tropical peatland restoration measures, it is still not
known how the different strategies affect water-level dynamics in dif-
ferent tropical peatland settings. There may be limitations to
rewetting schemes due to changes in peat physical properties, topog-
raphy, and vegetation, brought about by peatland degradation (Kelly
et al.,, 2017; Lampela et al., 2016; Roucoux et al., 2017) and ongoing
human activity (Dohong et al., 2018a; Harrison et al., 2020; Wijedasa
et al., 2017).

Measurements of the effects of ditch dams on tropical peatland
water-level dynamics are scarce. While there are detailed water-level
dynamics studies in temperate and boreal peatlands (Goodbrand
et al., 2019; Harris et al., 2020; Holden et al., 2017), these are lacking
in natural, drained and restoration sites in tropical settings. To date,
tropical peatland water-level studies have focussed on regional moni-
toring rather than on processes occurring across individual sites
(Wésten et al., 2006, 2008). Taufik et al. (2020) studied six tropical
peatlands with different land uses and in different locations. However,
only one groundwater-level monitoring point was installed at each
site, so distance effects from ditches or other features could not be
determined. Ritzema et al. (2014) measured water-level dynamics
around a drained tropical peatland, before and after the canals had
been blocked, using 11 observation wells up to a distance of 500 m
from the canals. Monthly water tables after canal blocking were
shallower than before blocking, but more detailed water-table dynam-
ics could not be inferred from the monthly data. Ishii et al. (2016) used

data from 32 monthly manual water-level monitoring wells along a
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14-km transect, covering part of the Sebangau Peat Dome, but the
resolution was too coarse to describe the effect of individual ditches
or ditch dams on water tables (Dohong et al., 2018b; Jaenicke
et al.,, 2010). All these studies recommended that more detailed spatial
and temporal information on water-table dynamics in drained and in
less disturbed sites was needed, not only to better understand the
hydrological dynamics and functioning of tropical peatland, but also to
provide evidence on how to mitigate drainage impacts and aid effec-
tive restoration.

This paper examines the effects of ditch dams on tropical peatland
water-level dynamics, by comparing temporal patterns across fine spatial
scales within and between sites. The main research questions are:

1. How do water-level dynamics vary between forested peatland,
drained peatland with dams and drained peatland without dams?

2. How do ditches and ditch dams influence spatial patterns of tropi-
cal peatland water-levels in different seasons?

3. How do water-table residence times of the studied peatlands con-
form with the Indonesian regulatory requirement of a 40 cm
water-table depth limit?

2 | DATA AND METHODS

21 | Study sites

Three tropical peatland sites were chosen for this study, located in
Sebangau National Park (SNP), Kalimantan, Indonesia (Figure 2). Those
areas were a forested peatland that had a single narrow 60 cm deep (but
dammed) trench, historically used by locals to evacuate logs, hereafter
referred to as ‘Forested’ (11.4 hectares), a drained peatland with dams,
referred to as ‘Blocked’ (18.4 hectares), and a drained peatland without
dams, referred to as ‘Drained’ (15.5 hectares). The geomorphology of
these three locations was similar, with a broadly flat terrain with micro-
topographic variations (Dommain et al., 2010; Lampela et al., 2016). The
area is underlain by Miocene siliciclastic sedimentary rocks (Page
et al., 2004; Witts et al., 2012). The Sebangau tropical bog system is
located between the Katingan River and the Kahayan River, and dis-
sected by the Sebangau River. Satellite delineation combined with field
measurements suggest that the Sebangau peat dome covers an area of
7,347 km? and stores 2.30 + 0.46 Pg of carbon (Jaenicke et al., 2008).
The mean peat depth at the Sebangau peat dome is 540 + 1.08 m,
which may reach to 9.8 m depth in some places (Jaenicke et al., 2008;
Page et al, 2004). There are two seasons in this area: a dry season
(May-October) and a wet season (November-April). Localized rainfall
may still occur in May and June. The typical annual rainfall in Sebangau is
between 2,700 and 3,300 mm (ltakura et al., 2016; Page et al., 2004).
The mean annual temperature ranges from around 26.2 to 28.1°C
(Hirano et al., 2014; Rahajoe et al., 2016).

The Forested site was chosen as an example of a less disturbed
peatland and was ecologically similar to the low pole forest category
described by Husson et al. (2018). The site was located in the Maw-
ardi plot, Punggualas, Karuing, Katingan, Kalimantan, Indonesia

(2.3893°S, 113.4524°E). The Forested site was 4.2 km to the east of
Katingan River. There was logging in the area before 1997. The site
was strictly protected after 2003. No forest fires have occurred at the
site since at least 2003. The trench on the studied plot was formed in
the 1990s from dragging trees towards the main river following log-
ging (Figure 2). This trench was blocked with a dam in 2017 as a fire
risk reduction measure. The Punggualas River next to the site is natu-
rally quite shallow (commonly less than 150 cm deep) and some
adjustable dams to aid navigation have been constructed within it by
local people.

Drained and Blocked were located in the Re-Peat area, Tumbang
Nusa Research Forest Zone, Pulang Pisau, Kalimantan, Indonesia.
These sites were in the Sebangau-Kahayan catchment, 70 km from
Forested, yet still in the Sebangau Peat Dome area. Drained and
Blocked were located 7.1 and 5.7 km, respectively, to the west of
Kahayan River. Drained (2.3527°S, 114.0580°E) and Blocked
(2.3402°S, 114.0720°E) were within 2.1 km of each other. Both were
part of the Mega Rice Project Area before 1997, when many canals
and ditches were installed to prepare the land for agriculture. The
zone did not fall under the SNP protection that started in 2004 (when
SNP was formally established). However, it became a conservation
area under the Tumbang Nusa Research Forest protection in 2003,
and has been the subject of biodiversity research (Lampela
et al, 2017; Limin et al., 2007; Morrogh-Bernard et al., 2003). The
vegetation at Drained and Blocked in 2003 was described as mixed
swamp forest by Blackham et al. (2014) and Cattau et al. (2015).
Despite protection, the area has had repeated fires, with the largest
fire occurring in 2015. The government constructed four ditch dams
between 2016 and 2018 at Blocked (Figure 2). Revegetation actions
were also implemented in the areas from 2016 onwards.

At Forested, the peatland's low pole forest was dominated by
Campnosperma sp. and Shorea sp. (Husson et al., 2018; Page
et al., 1999). Limin et al. (2007) noted that Sebangau was relatively
pristine tropical rainforest peatland before 1970 but the area was
developed since the transmigration period (organized people migra-
tion from Java to other islands in Indonesia, 1970-2000), causing
deforestation and drainage. The peak of the development was during
the Mega Rice Project implementation around 1997 (Dohong, Aziz, &
Dargusch, 2017). Many scattered forest fires occurred, causing vege-
tation change (Hoscilo et al., 2013). At Drained and Blocked, the
vegetation canopy was dominated by Shorea balangeran, Dyera
costulata, and Combretocarpus rotundatus, which were partly replanted
after fires (Blackham et al, 2014; Cattau et al, 2015; Husson
et al., 2018). In early 2020, there were more young trees at Drained
than at Blocked. In drier zones that have less water during the dry
season, ferns (Polypodiopsida) dominate the land cover. In wetter

zones, the sedge Lepironia articulata is well established.

2.2 | Data collection

Hydrological monitoring was conducted at the three sites over a
6-month period between 22 August 2019 and 17 January 2020.
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FIGURE 2 Studied sites and instrumentation in Sebangau, Indonesia, showing Forested (a), Blocked (b), and Drained (c). Squares symbolize
logger wells, blue pentagons are ditch loggers, green circles are manual wells, smaller circles are levelling points, and trapezoids are dams. The
main water flow directions are shown by arrows. The satellite images are from Google Earth, captured on 4 December 2015 (a), 26 July 2014 (b),
and 14 August 2014 (c). Drained (b) and Blocked (c) were burned during the 2015 dry season. The bottom row of photographs shows land-cover
across the sites
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Automatic weather stations (AWS) and water-level loggers were
installed in order to capture both late dry season and wet season con-
ditions. A Davis Vantage Pro2 AWS was installed behind Tumbang
Nusa Camp (2.3556°S, 114.0896°E), which is 2.7 km from Drained
and 3.5 km from Blocked. Another AWS (Qingdao Tlead AWO003) was
installed in 2017 by the World Wildlife Fund for Nature (WWF) Indo-
nesia, located beside Punggualas Camp (2.3865°S, 113.4453°E),
0.8 km from Forested. Both AWSs recorded rainfall, temperature,
wind speed and direction, solar radiation, and relative humidity, all-
owing the calculation of potential evapotranspiration (PET based on
the Penman-Monteith equation [Davis Instruments, 2006; Jensen &
Allen, 2016]). The AWS monitoring frequency was 30 min at Tumbang
Nusa Camp and 5 min at Punggualas Camp. The AWSs were cali-
brated and data were downloaded every month. We obtained a com-
plete series of data from each AWS, except for 2 days at the
Punggualas AWS (non-consecutive day gaps, 10 and 13 November
2019) and a day at the Tumbang Nusa AWS (whole day gap,
1 November 2019) when no data were collected. Both AWSs were
calibrated to ensure accurate readings.

At Drained and Blocked, wells were installed to capture the spa-
tial variability of water levels with reference to the location of the
ditches (Figure 2). Both Drained and Blocked comprised rectangular
plots. Automatic wells were located at the centre of the plots and at
some corners, with manual wells spread across the plots. Drained had
three water-table loggers, two ditch level loggers, and seven manual
wells. Blocked had four water-level loggers, two ditch level loggers,
and seven manual wells (Figure 2). The wells at Forested were
arranged in two transects (Figure 2), to cover a similar area to those
studied at Drained and Blocked. All wells were created using a
Russian corer and lined with PVC pipe. The PVC pipe had an outer
diameter of 6.4 cm, an inner diameter of 5.7 cm, and was perforated
at intervals of 20 cm along the pipe. There were four holes distributed
evenly for each perforation interval. The hole diameter was 1 cm.
Each well was 2 m deep.

During the monitoring period, 42 readings were collected in total
from the manual wells at Drained and 44 from the manual wells at
Blocked. At Drained and Blocked, water levels in the automatic wells
were measured using In-situ Level TROLL 500 vented loggers, record-
ing at a three-hour interval. Ditch water levels were monitored at
30-min intervals using Schlumberger Diver non-vented pressure log-
gers, positioned within stilling wells. There were no manual monitor-
ing wells at Forested due to access restrictions for routine data
collection; therefore, six TROLL 500 vented loggers were used to
monitor water tables, recording at a 3-h interval. Three of these log-
gers operated only between November 2019 and January 2020
(Figure 2). There were 12 manual water-table readings collected from
the automatic wells at Forested as part of calibration checks.

At Blocked, ditch water level was recorded at points upstream
and downstream of Main ditch 2 dam only, though there were three
other dams on the site (Figure 2). At Drained, the ditch level loggers
were installed with one in the larger ditch (Main ditch 3) and one in
the smaller ditch (Small ditch 5), which was closed at one end

(Figure 2). There was also a barometric logger installed, to compensate

for the atmospheric pressure recorded by the Diver logger. Prior to
November 2019, water levels of zero at the ditch bed were recorded
as all ditches were dry.

In order to determine absolute water-level profiles across the
study sites, the wells were surveyed using an automatic Leica NA720
level. The levelling point intervals were between 12 and 64 m. At the
main entrance of each site we hammered a wooden post into and
through the peat. The surface on which this post was anchored served
as the local benchmark (BM). These surface BMs were beside Well
ALO at Forested (2.3894°S, 113.4524°E), beside Well BB3 at Blocked
(2.3389°S, 114.0703°E), and beside the larger canal monitoring point
at Drained (2.3513°S, 114.0569°E).

2.3 | Dataanalyses

Logger data outliers were detected by comparing each data point to
temporally adjacent data points and were removed when a value was
more than 10 cm different to that 30 min either side. Filtered data
then were aggregated to three-hourly and daily intervals for compari-
son purposes. The absolute water-level data were also used to define
characteristic hydrological periods in the study, including a dry period
(water level continuously decreasing), an oscillatory period (water
level increases after rainfall but returns to its initial low position each
time), a transition period (the time from the last day of low oscillatory
water level to the first wet season peak water level), a wet period
(high water level fluctuating at the end of the transition period), and a
ponding period (water-level recession barely detectable over more
than 15 days).

We assumed that the AWSs provided data that were representa-
tive of the sites they were located near to, and that meteorological
conditions did not vary within sites. Therefore, differences in the
descriptive statistics for the two AWSs are assumed to represent real
differences between Forested on the one hand and Drained and
Blocked on the other. We also faced constraints with the hydrological
monitoring and were not able to install multiple wells with loggers at
all sites (this was only possible at Forested as noted above). Therefore,
we did not have datasets that could be compared using inferential sta-
tistics. Nevertheless, our manual well data from Drained and Blocked
gave confidence that data from the logged wells at these sites were
representative of each site as a whole. In other words, we are confi-
dent that differences in our descriptive statistics for water tables and

water levels reflect real differences in site conditions.

3 | RESULTS

3.1 | Meteorological summary

Forested and Drained/Blocked had different meteorological condi-
tions. Between 22 August 2019 and 17 January 2020, total rainfall at
Forested was 614 mm, with 62 days on which rainfall occurred and an

estimated total potential evapotranspiration (PET) of 376 mm. At
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Drained and at Blocked, between 11 September 2019 and 13 January
2020, total rainfall was 937 mm with 65 rain days, and 665 mm of
PET. The mean temperature from 30 min data at Forested and at Dra-
ined/Blocked was the same, which is 26.7°C (standard deviations
[SD] using the 30-min data: +3.1°C Forested; +4.0°C Drained/
Blocked). The diurnal temperature interquartile range was 23.1-
30.7°C in the dry season, and 23.9-29.8°C in the wet season for Dra-
ined/Blocked. At Forested, the diurnal interquartile range was
narrower, which was 24.2-29.3°C in the dry season, and 24.8-28.3°C
in the wet season. In 2019, the wet season started in mid-November
(Figure 3). Although the wet season started simultaneously at both
Forested and Drained/Blocked, the first three consecutive days with
rain came later at Forested, which were from 21 to 23 November
2019 (Figure 3a) compared to 12-14 November 2019 for Drained/
Blocked (Figure 3b). However, the second period with high intensity
rain occurred concurrently at both sites, in early December. Our data
showed that daily PET decreased from the dry season to the wet sea-
son. The days with the highest PET were in early September at For-
ested, but in October at Drained/Blocked. At Forested (Figure 3a), the
mean dry season PET was 2.9 (SD = 0.8) mmday~ !, whereas
the average wet season PET was 2.1 (SD = 0.5) mm day~*. At Dra-
ined/Blocked (Figure 3b), mean PET was 5.5 (SD = 1.3) mm day™*
and 5.1 (SD = 1.2) mmday ! for the dry and wet seasons

respectively. These large differences in PET between AWSs were
mainly caused by differences in wind speeds which were much lower
at Forested.

3.2 | Seasonal water-level dynamics

Figure 4 presents timeseries for relative water levels for the wells and
ditches using the local BM at each site. A summary of descriptive sta-
tistics for seasonal water levels is presented in Table 1. In the dry
period, water-level decline occurred at a slower rate at Forested
(9.3 mm day™1), compared to Blocked (9.6 mm day~?) and Drained
(12.7 mm day%). The data showed that water-level responses to rain-
fall were faster at Forested, compared to those at Drained and at
Blocked. Forested water levels started to rise in the late dry period
(27 September 2019), while water levels at the other two sites were
still oscillating from a low level. The first wet period peak water level
at Forested occurred on 15 November 2019 resulting in a transition
time of 50 days, while the transition period was 12 days at Drained
and 5 days at Blocked. The interquartile range of water level in the
wet period was 11.3 cm at Forested, 18.1 cm at Blocked, and 18.8 cm
at Drained (see Table 1). In the wet period, sub-surface water-level

fluctuations at all sites were mostly triggered by rainfall.
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logger, ‘US’ is upstream of the dam, ‘DS’ is downstream of the dam, ‘BD’ is Main ditch 3, and ‘SD’ is Small ditch 5. Different periods are dry (d),

oscillatory (o), transition (t), wet (w), and ponding (p)

There were greater differences in absolute water levels between
individual wells for Drained than for Blocked. The water-level fluctua-
tion at Forested was much larger than for the other sites, particularly
during the transition period and wet period (as presented in Figure 4).
In the dry period, there were fewer differences in absolute water level

between individual wells for all sites. Our data show that, in the

oscillatory period, water levels at Blocked rose and fell seven times
(by 8-27 cm) in response to rainfall events. After any rises, water
levels declined gradually back to their initial level (oscillatory period),
which was around 85 cm below the local benchmark. At Drained,
water-level oscillations occurred only four times, between 5 and

15 cm above the common lowest water level (122 cm below the local
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TABLE 1 Summary water-level statistics across seasons and spatial locations in the study sites
No. Findings Mean Min Q1 Q2 Q3 Max Value Period
1 Seasonal water-table dynamics (cm)
+ Wells at Forested —-40.2 -551 461 —-406 348 -23 = Wet
+ Wells at Forested -13.6 346 -178 —-133 -8.7 —-4.7 - Ponding
+ Wells at Blocked -12 -216 -102 -3.2 7.9 232 = Wet
+ Wells at Drained -322 -521 413 -356 225 —-4.7 - Wet
+ Upstream dam 96.7 36.5 491 1231 1307 156.2 = All
+ Downstream dam 78.7 —6.5 47.8 97.3 1133 141.3 - All
+ Main ditch 3 386 374 5.5 52 671 1083 - All
+ Small ditch 5 39 -39.2 124 45.6 612 1017 - All
2 The differences in absolute water level of wells to the lowest
ditch water level at each site (cm)
+ Wells at Blocked 14.9 -3.8 10.9 14.4 18.3 36.4 - Wet
+ Wells at Drained 221 -2.6 11.9 19.3 31 55 = Wet
+ Wells at Forested -31 -181 -7.9 -1.9 1.9 6.4 - Wet
+ Upstream dam 19.3 9.7 14.6 18.9 23.8 38.1 - All
+ Small ditch 5 15.6 -0.5 9.4 16 22.6 48.1 - All
3 Cumulative residence time (%) during which water tables
were below the 40 cm limit
+ Wells at Forested - 16 - - - 87 - Wet
+ Wells at Forested - 0 - - - - Ponding
+ Wells at Blocked - - - - - Wet
+ Wells at Drained = = = = 38 = Wet
+ Upstream dam - - - - - - 42 All
+ Downstream dam = = = = = = 46 All
+ Main ditch 3 - - - - - - 97 All
+ Small ditch 5 = = = = = = 96 All

Note: Water-table data are in cm, with negative values indicating levels below the peat surface. Water-level difference data are in cm, and negative values
indicate that ditch water level is higher than peat water level. The Q1, Q2, and Q3 represent the quartiles of the data. Residence time data are in
percentage of the monitoring time. The period ‘all’ indicates the whole monitoring time of the ditch water level (see the Methodology section).

BM). At Forested, no distinct oscillatory period occurred as the water
levels rose, responding to a series of small rainfall events during the

transition period.

3.3 | Spatial water-level variations
Figure 5 presents the difference in water level between wells and the
lowest ditch level (the well—ditch difference) at Blocked and at Dra-
ined (Forested data are not shown because differences were less than
10 cm). The left-side graph in Figure 6 presents water-level differ-
ences between the upstream and downstream sides of the dam at
Blocked. The right-side graph in Figure 6 displays the Small ditch
5 and Main ditch 3 water-level differences at Drained. All calculated
water-level data from each site are relative to the local site BM (abso-
lute water levels).

Differences in absolute water level for each individual well to the
lowest ditch water level at all sites (the well—ditch difference) varied

between time periods. The differences were small (<10 cm) in the dry

period at all sites. The differences became larger during the transition
period, except at Forested. In the wet period, the well—ditch differences
at each site were between 11.9 and 31.0 cm at Drained, which were
generally larger than those at Blocked (10.9-18.3 cm) and at Forested
(=79 to 1.9 cm). Negative difference values indicate that ditch water
level was higher than the peat water level. This condition did not neces-
sarily cause water to spill across the surface of a site because the ditch
water level was still lower than the bank of the ditch.

At Drained, the absolute water level in the wells near the ditches
was lower than that in more distant wells, especially during the wet
season. Specifically, the spatial water-level differences were more
affected by the monitoring well's average distance to the nearby side
ditches. Figure 5b shows that the water level in the well closest to the
ditches during the wet period was similar to the ditch water level. In
contrast, the water level in the furthest well from the ditches (i.e., well
AA2) was higher than the ditch water level. Interestingly, during the
transition time, the water level in well AA2 was lower than ditch water
levels, showing that ditch water levels rose more quickly than peat

water levels at the centre of Drained.
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FIGURE 5

Differences between water level in the wells and water level in the lowest ditch on the site. The boxes represent monitoring wells.

The lower, middle, and upper lines of the box indicate first quartile (Q1), median (Q2), and third quartile (Q3) of the data. The top and bottom
ends of the whisker show Q3 + 0.5x|Q1-Q3| and Q1 — 0.5x|Q1-Q3| values. The cross symbol indicates the mean of the data, circles represent
the data, but circles outside the whisker are the outliers. Blocked site data are from the oscillatory, transition, and wet periods, from left to right
(a). Green gradation indicates a well's distance to lowest ditch outlet, which are 21 m (BB1), 275 m (CA2), 424 m (BB2), and 465 m (BB3). Drained
data are from the transition and wet periods, from left to right (b). Gold gradation indicates average well distance to its surrounding ditches, which
are 21 m (AA1), 29 m (AA3), and 173 m (AA2). Negative values indicate that ditch water level is higher than peat water level. Water-level

difference is abbreviated as WL diff

At Blocked, there were similar patterns to Drained, with water
levels in the wells close to the main ditch outlet showing more varia-
tion in comparison to water levels in the wells that were more distant.
The spatial differences were greater during the oscillatory period,
compared to those in the other periods (Figure 5a). During the transi-
tion period, the furthest well (BB3) from the main ditch outlet had a
higher water level compared to the well nearest to the ditch outlet.
However, wells BB2 and CA2 had higher water levels than BB3 during
this same period. BB2 was located near the upstream part of a
dammed ditch segment, while CA2 was at the centre of the peatland
block, furthest from any ditches.

The interquartile range of the hydraulic gradient between the
water level at the lowest ditch outlet and in the farthest well from
ditches was 3.7 x 10°% to 7.8 x 10°* m m~! at Blocked, but
1.9 x 1073 to 2.6 x 1073 m m~?! at Drained. At Blocked, the mean
water-level difference upstream and downstream of the dam was
4 cm during the oscillatory period (Figure 6). Later in the study, during

the transition and wet periods, ditch water levels at Blocked fluctu-
ated substantially. At Blocked, the interquartile range of water-level
differences between upstream and downstream of the dam was 8-
32 cm in the transition period, but it was 14-24 c¢cm in the wet period
(Figure 6). At Drained, during the transition period, Small ditch 5 had a
faster response to rainfall than Main ditch 3, with flow occurring from
the former into the latter after each rainfall event. At Drained, the
ditch water levels were generally lower than the peat water levels in
the transition period (Figure 6); hence, water flowed from the peat
into the ditches. At Drained, during the wet period, water levels on
Main ditch 3 and on Small ditch 5 were approximately the same.

3.4 | Water-table residence times

Figure 7 presents water-table depth (i.e., relative to the peatland sur-
face) residence times while Figure 8 shows the ditch inundation
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FIGURE 6 Differences in water levels in ditch sections for different time periods. The boxes represent seasonal periods. The lower, middle,
and upper lines of the box indicate first quartile (Q1), median (Q2), and third quartile (Q3) of the data. The top and bottom ends of the whisker
show Q3 + 0.5x|Q1-Q3| and Q1 — 0.5x|Q1-Q3| values. The cross symbol indicates the mean of the data, circles represent the data, but circles
outside the whisker are the outliers. (a) Blocked, in which negative values indicate that downstream water level is higher than upstream water
level. (b) Drained, in which negative values indicate that Main ditch 3 water level is higher than Small ditch 5 water level. Note that ditches were
dry before mid-November 2019. Water level difference is abbreviated as WL diff

height residence times for the three study sites. During the dry period,
the water table at all sites was deeper than the 40 cm limit specified
in Indonesia's national regulations (Figure 7). At Forested, the dry sea-
son maximum water-table depth was 119 cm, about the same as at
Drained (121 cm), while it was 98 cm at Blocked. A quantitative sum-
mary of water-table residence times is presented in Table 1.

The oscillatory period was undetectable in the forested peatland.
In response to rainfall, Forested water tables did not return to their
initial level but shifted to a shallower level. After the second large
rainfall event, around 2 January 2020, Forested entered the ponding
period. There was no significant water-table drop at Forested in the
ponding period. Although the water-table depths still ranged from
9 to 18 cm in depth from the surface, in the six monitoring wells
(Figure 7a), some inundations shallower than 10 cm depth were noted
on small depressions in the microtopography at Forested. At Forested,
during the ponding period, the ditch water table was above the ditch
bed, whereas it was below the ditch bed at all other periods.

In the wet period, the average water-table depth in the wells near
the ditches at Drained (AA1 and AA3) was around 37.2 (SD = 9.5) cm,
but 20.5 (SD = 6.7) cm in the well that was farthest from the ditches
(AA2). Surface inundation was not indicated by any of the logged
wells at Drained during the wet period. However, visually we
observed some inundated areas, which were farther from ditches, and
had shallow ponding (1-5 cm) during the wet period. In contrast, a
large portion of Blocked was ponded in the wet period, especially near
ditches, and the inundation height reached 23 cm (Figure 7b).

The ditch water height at Forested fluctuated less than at the
other sites (Figure 8a), with a mean value of —0.4 cm (SD = 13.8 cm
and interquartile range from —9.9 to 6.4 cm). The mean ditch water
height (78.7 cm, SD = 40.4 cm, and interquartile range from 47.7 to
113.3 cm) at downstream of the dam, at Main ditch 2 in Blocked was

higher than at Main Ditch 3 in Drained (38.6 cm, SD = 35.4 cm, and
interquartile range from 5.5 to 67.1 cm). The residence time curves
for Forested and Blocked ditch water levels appeared to form a
bimodal distribution, whereas the residence time curve for Drained
was more spread. At Blocked, the ditch water height upstream of the
dam was generally higher than downstream of the dam, and both

locations had different residence time patterns (Figure 8b).

4 | DISCUSSION

4.1 | Water tables in different peatland settings
Water-table dynamics were different among the three studied sites.
The mean water-table depths during the whole monitoring period at
Drained (78.2 cm, SD = 38.9 cm), at Blocked (54.8 cm, SD = 38.8 cm),
and at Forested (48.8 cm, SD = 24.6 cm) were generally in line with
values reported from other drained or intact tropical peatlands
(Table 2). However, our study was able to provide additional detail on
temporal variability and spatial patterns relative to ditches.

Hydraulic gradients at the studied sites appeared to be strongly
affected by peatland management. Prior studies have indicated that
drainage increases peatland hydraulic gradients, but ditch and canal
blocking combined with other restoration measures might lessen gra-
dients (Baird et al., 2017; Dohong et al., 2018a; Urzainki et al., 2020;
Young et al., 2017). At Blocked, during the wet period, water tended
to flow towards the lowest outlet from the peatland, which was near
to well BB1 (Figure 2). At Drained, there was no dominant hydraulic
gradient, as water tended to flow towards all available ditches. These
findings show that if the water levels in the ditches can be maintained,

then the peatland is likely to stay wetter for longer. At Forested, the
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FIGURE 7 Water-level residence time for the whole study period in the three study sites. Forested data (a) are presented for the dry,
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periods, left to right. The orange shaded plot has a different x-axis scale. The peat surface level is referenced as level zero. Negative values
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water levels were similar to each other across the studied plot,
although there was a shallow trench on the plot edge (~60 cm in
depth). There did not appear to be obvious impacts from this trench
on water-level variation among wells at Forested.

In the dry period, water levels decreased at different rates, and
were affected by drainage to ditches, as well as evapotranspiration
which varied strongly between Forested and Drained/Blocked. The
water-level drawdown rate decreased as the hydraulic gradient less-
ened. Accordingly, the drainage effect was barely perceptible during
the late dry season, as the ditch water levels were at least on or below

the ditch bed. These findings suggest that lateral flow loss from the

peat mass into ditches did not exist during this period. Instead, evapo-
transpiration solely lowered the water levels in the dry period, as
found in other tropical peatland studies (Hirano et al., 2015; Kumagai
et al., 2005; Lion et al., 2017).

In the wet period, variations in land management appeared to
cause differences in inundation depth, duration, and distribution. Sur-
face inundation was most pronounced at Blocked (up to 23 cm), espe-
cially around the ditches. The inundation at Blocked may be related to
the dam position and size (see Ditch dam effects on water levels sub-
section), rainfall, and the wet season water-level condition at the low-

est outlet of the peatland area (see also Kasih et al., 2016; Ritzema
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et al., 2014; Urzainki et al., 2020). Inundation may also be related to
river water levels, especially at Forested which was quite close to the
Punggualas river, because a higher river level will reduce hydraulic
gradients for areas alongside the river (see also the study by Itakura
et al,, 2016).

Near-surface water-tables (including inundation) are needed to
buffer water levels during the dry season, as also suggested in other
studies (Evers et al., 2017; Wijedasa et al., 2017). Our study showed
that the wet season water tables at Drained remained relatively deep
and were not suitable for new peat accumulation. In the wet season,
the interquartile range in water tables in wells at Drained was
between 22.5 and 41.3 cm below the surface. The water-table depth
in wells near ditches receded mostly near to the 40 cm regulatory limit
(median 35.6 cm), after around 5-7 days from a storm event
(Figure 4c). This condition does not give confidence that there would
be enough buffered water at Drained for the following dry season. In
contrast, the interquartile range for the wet season water table at
Blocked was between 7.9 cm above the surface and 10.2 cm below
the surface. Nevertheless, long periods of inundation may be undesir-
able, because they may enhance methane release from peatlands (Teh
et al, 2017; Wong et al., 2018).

4.2 | Ditch dam effects on water levels

It was notable that Blocked had deeper water tables than the govern-
mental target water table during the dry season. In the dry season, the
dams did not raise the peatland water table because the ditches were
dry, and no excess water was retained. At Blocked, peatland water
tables and water levels downstream of the dams rose rapidly after
rainfall events during the transition period and stayed high during the
wet period (Figure 4b). Our data show that the effect of ditch dams

depends on rainfall inputs and also ditch water levels downstream of
the dams. The areas downstream of a dam where water levels are
lowest, provide zones where water flow from the peat mass can con-
centrate, as hydraulic gradients are highest, confirming suggestions
from previous tropical peatland modelling studies (Ochi et al., 2016;
Urzainki et al., 2020).

The ditch dams raised ditch water height upstream of the dam,
reducing peat plot—ditch water-level differences, which resulted in a
reduction of the hydraulic gradient in the peatland, and therefore
lower rates of flow between the peat mass and the ditch. By slowing
water losses, water had a longer residence time in the peatland, so
that water tables were closer to the peat surface. Peatland water
tables at Blocked during the wet period ranged between 9 cm below
to 11 cm above the surface. The main cause of the lower hydraulic
gradient was the sustained higher water levels in the ditches behind
the dams (see also the studies by Susilo et al., 2013; Kasih
et al., 2016).

The effect of ditch dams in raising water levels was spatially con-
fined and limited in coverage, and ditch dam effects were temporary.
They were conditional on rainfall inputs and the location of the dams
relative to the lowest outlet water level from the peatland, as also
indicated in modelling studies by Ochi et al. (2016) and Urzainki
et al. (2020). The ditch dams failed to have an effect during much of
the dry season with little water buffering available against PET loss.
As the water tables were deeper during the dry season at Drained
than at Blocked, it is likely that the Drained site had less water than
the Blocked site at the beginning of the dry season, before the water-
level monitoring started, as also indicated by our wet season data. The
ditch dams only partly buffered the Blocked site against water losses
via evapotranspiration. Thus, additional measures are required on
such drained tropical peatland systems to retain water from the late

wet season into the early dry season. For example, bunds could be
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TABLE 2 Water-table values reported from tropical peatlands

No.

1

10

Location

Drained, Kalampangan, Indonesia, 50-150 m from
primary canal (Lampela et al., 2017)

+ Wet peat

(2°20'24”S, 114°02'11"E)

+ Medium wet peat

(2°19'18"S, 114°01'05"E)

+ Dry peat

(2°19'32"S, 114°00'59"E)

Drained, Kalampangan, Indonesia (Ritzema
et al., 2014). Transect 3

(2°21'22.23"S, 114°3'8.30"E)

Drained, Kalampangan, Indonesia (Santoso &
Qirom, 2020). Transect 3

(2°21'22.23"S, 114°3'8.30"E)

Kalampangan, Palangkaraya, Indonesia (Jauhiainen
et al., 2014)

+ Agricultural peatland

(Mr. Edi's field)

+ Degraded peatland

(2°19'24"S, 114°1'14"E)

Forest, LAHG CIMTROP, floodplain (FP) to forest
transect (Lampela et al., 2017)

(02°18.843'S, 113°54.159'E)

+OnFP

+ At 40 m from FP

+ At 80 m from FP

+ At 120 m from FP

+ At 160 m from FP

+ At 200 m from FP

Forest, LAHG CIMTROP (Takahashi et al., 2002)

(2°18'59.6"S, 113°54'28.9"E)

Block A, Ex-MRP, Mawas (Sinclair et al., 2020)

(2°15'S, 114°30'E)

+ Intact forest

+ Far from canal

+ Near canal

Block A, Ex-MRP, Transect average, Mawas, Large
Canal Drainage (Hooijer et al., 2014)

(2°15'S, 114°30'E)
+ Burned peatland
+ Degraded forest

Forest, Block E, Ex-MRP, Transect average, Mawas,
Small Canal Drainage (Hooijer et al., 2014)

(2°10'S, 114°30'E)

Palm QOil Plantation, Wajok Hilir Peatland, Siantan,
Mempawah, Indonesia (Herawati et al., 2018).
The study was on a tertiary and quaternary canal,
with a depth of around 2 and 1.5 m, respectively

(0°07'04.3"N, 109°17'42.8"E)

Num

1A

1A

1A

968 M

75M

1A

1A

1A

48 M
48 M
48 M
48 M
48 M

55M
33 M
55M

220 M

62 M

107 M

Mean

-20

-30

-50

—14

-15

-50

—52

-100
-85
~70
—55
—40
~10
-40

-15
-30
-50

—26
—43
—34

Min

—60

—-80

—100

-52

-55

—120
—100
—80
—60
-50
-30
-98

-70
—80
-85

—63
—86
-89

Q1

—40

—47

-37
-53
—49

Q2

-52

-51

Q3

-59

-59

Max

-20

20
20
20
20
10
10
20

-25

Period

November 2012-July
2014

2006-2009

March 2013-September
2013

May 2012-September
2012

November 2012-July
2014

1993-2000

2012

March 2010-December
2012

March 2010-December
2012

February 2018-March
2018

(Continues)
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TABLE 2 (Continued)
No.  Location Num
+ Nearby quaternary canal with dam 60 M
+ Nearby quaternary canal without dam 60 M
+ Nearby tertiary canal with dam 60 M
+ Nearby tertiary canal without dam 60 M

Mean

Min Q1 Q2 Q3 Max  Period
7B = = = —46
-70 - - - -15
—-80 - - - —45
-78 - - - -23

Note: Water-table data are in cm, with negative values indicating levels below the peat surface. The ‘Num’ column gives the number of automatic wells (A)
or the number of manual measurement wells (M). The Q1, Q2, and Q3 represent the quartiles of the data.

used to help store surface water across the site (Payne et al., 2018;
Price et al., 2003; Wichmann et al., 2017).

43 | Water-table management implications

The dry season water-table data at all sites did not meet the limit of
the Indonesian peatland regulation (Republic of Indonesia Govern-
ment Regulation No. 57 Year 2016 about Peatland Ecosystem Protec-
tion and Management, 2016), as the water tables were deeper than
40 cm below the surface. This limit was generally developed in rela-
tion to high fire risk in Indonesian tropical peatland (Putra et al., 2018;
Taufik et al., 2015); therefore, it can be suggested that all of the stud-
ied sites were prone to fire in the dry season. More data are required
to inform the water-table regulation policy and to ensure that the reg-
ulation reflects natural dry season and wet season water-table dynam-
ics in tropical peatlands. This is particularly so, given that water tables
at Forested, a near natural site, did not conform to the 40 cm limit.
Moreover, Sinclair et al. (2020) reported water-table depths deeper
than 40 cm in a relatively undisturbed tropical peatland site (Table 2).
While human-induced actions in lowering peatland water level exacer-
bate fire risk (Evers et al, 2017; Wijedasa et al., 2017), further
research is required to understand natural system water-table variabil-
ity for forested tropical peatlands.

If the 40 cm water-level regulation is to be maintained, ditch dam
construction on drained topical peatlands needs careful site design
and layout (Dohong et al., 2018a; Urzainki et al., 2020). There is a
need to test different spatial designs of dam installations to under-
stand whether adequate dry season buffering can be provided. Some
studies have suggested that bunding without peat excavation may
enhance ditch dam performance in drained northern peatlands
(Mackin et al., 2017; Payne et al., 2018).

Such additional techniques may need to be further tested and refined
for higher permeability tropical peat landscapes. It is essential to see how
well those techniques may hold back water from the wet season and
maintain water tables near the ground surface into the dry season.

We did not consider water-level dynamics across different dry
and wet years, which may differ substantially in terms of rainfall pat-
tern and rainfall depth compared to the monitored period. In particu-
lar, water-level dynamics in El Nifio, La Nifa, and ENSO-neutral years
may be very different and so longer monitoring periods would be

desirable. Further research is required to understand more detailed

spatial interactions of water-level dynamics and dam locations or ditch
layouts in tropical peat systems; modelling may be beneficial in this
regard. While our block drainage systems were representative of man-
agement in the study region, not all tropical peatlands will have the
same peat properties and land-use settings as the three sites in this
study (llek et al., 2017; Kurnianto et al., 2019; Sinclair et al., 2020).
Therefore, establishing the interactions between peat properties,
drainage and restoration designs and hydrological function remains a
key priority. In degraded peatland, it will be very important to link
water-table dynamics to peat properties (Hoyt et al., 2020; Sinclair
et al., 2020), so that modelling of hydrological response to different
restoration measures or climate change impacts can be undertaken
with more confidence. Such work would enable improved advice on
the spatial design of restoration interventions that provide buffering
to dry season conditions for tropical peatlands.

5 | CONCLUSIONS

It was found that ditch dams buffered a tropical peatland restoration
site against water losses via evapotranspiration, compared to a nearby
drained site. If water levels in the ditches can be maintained, then the
drainage effect would be smaller. Nevertheless, water-level dynamics
at the drained and the blocked sites still differed from those at a near-
natural site. Ditch damming alone was not enough to ensure water
tables remained close to the peatland surface in the dry season. The
effect of ditch dams in raising water tables was spatially confined, lim-
ited in coverage, and also temporary. It was conditional on the rainfall
input and the lowest water level in the drain network surrounding the
peatland.

Additional measures may be required at some sites, in accordance
with revised spatial designs of dams or bunds. These measures are
needed to store water from the wet season for a longer period of time
into the dry season. However, it should also be noted that, in the dry
season, the water tables were deeper than the Indonesian regulatory
40 cm depth limit in the drained peatland with ditch dams and even in
the near-natural forested system. In the wet season, water tables
among the Forested site wells were deeper than the 40 cm depth limit
for 45% of the time, suggesting that: (i) the Indonesian regulatory
limit may need refining based on further hydrological research from
more natural sites to better represent natural processes that align
with conservation needs, and (ii) widespread assumptions about the
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nature of near-surface water tables in forested tropical peatlands may

need to be supported by further multi-year monitoring.
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