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Ismail, Monitoring Ecohydrological process and forest dynamics in a tropical
peatland. 
University of Oulu Graduate School; University of Oulu, Faculty of Technology; Universitas
Gadjah Mada; NIBIO
Acta Univ. Oul. C 859, 2022
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

Environmental impacts from intensive draining and land use in tropical peatlands urge the need
for ecosystem protection and peatland restoration. However, our understanding of tropical
peatlands is too poor to support the implementation of such mitigation initiatives. We carried out
environmental monitoring on Padang Island, Indonesia, which suffers from peatland degradation
and forest disturbances that is representative of peatlands across Southeast Asia. The main
environmental parameters of hydrology (water-table depth (WTD), rainfall), micrometeorology
(radiation, air temperature, and relative humidity), and tree physiologies (sap-flux velocity, radial
growth) of several native and one non-native species were recorded by ground sensors, while
forest disturbances were monitored using remote sensing. We found out that the spatial and
temporal variability in WTD was high, which was mainly controlled by rainfall and the presence
of drainage. The response of vegetations to the temporal change in WTD varied based on response
parameters and species groups, native versus non-native species. Vapor pressure deficit and
photosynthetic active radiation had a profound effect toward temporal variation in sap-flux
velocity, while the effect of wind speed was only found in some species. Non-linear relationships
between sap-flux velocity and WTD were observed, regardless of the species groups. Sap-flux
velocity was slightly higher during transitional WTD, -1.0 to -1.4 m below the ground. The radial
growth of non-native species tended to drop with a deeper WTD, while growth of native species
did not show a similar trend. We also observed a weak-to-moderate inverse linear relationship
between daily radial growth and daily sap-flux velocity. Peatland draining and land use were
strongly intertwined with forest disturbances. Up to one third of the island had been deforested for
non-native monoculture plantation which was associated with intensive drainages, and another
one third were cultivated for small-scale farming with less intensive drainage. The spatial and
temporal variability of forest degradation was also high. Prior to 2011, forest disturbances were
mainly driven by industrial logging, but then shifted to low-intensive logging and deforestation for
plantation and farm thereafter.

Keywords: Ecohydrological process, forest disturbances, peat hydrology, peat swamp
forest, peatland degradation, peatland monitoring





Ismail, Trooppisten turvemaiden ekohydrologisten prosessien ja metsädynamiikan
seuranta. 
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Tiivistelmä

Trooppisten turvemaiden ojitusten ympäristövaikutukset lisäävät tarvetta ekosysteemien suoje-
lun ja soiden ennallistamisen lisäämistä. Ymmärrys trooppisten turvemaiden prosesseista on kui-
tenkin vielä liian vähäistä tätä toimintaa tukemaan. Tutkimuksessa suoritettiin ympäristön tilan
seurantaa Indonesiassa Padang Islandin tutkimuskohteella, joka kärsii turpeen ja metsän häiriin-
tymisestä, mikä on tyypillistä Kaakkois-Aasian turvemaille. Tutkimuksessa kerättiin maasenso-
reilla aineistoa keskeisimmistä ympäristön tilasta kertovista parametreista hydrologiassa (vesisy-
vyys (WTD), sadanta), mikrometeorologiassa (säteily, ilman lämpötila, suhteellinen kosteus) ja
puuston fysiologiassa (mahlan virtausnopeus, säteen kasvu), kun taas metsän häiriintyneisyyttä
seurattiin kaukokartoituksen avulla. Tutkimuksessa havaittiin korkeaa spatiaalista ja ajallista
vaihtelua WTD:ssä riippuen pääasiassa sadannasta ja kuivatustilanteesta. Kasvillisuuden vaste
WTD:n ajalliseen muutokseen vaihteli riippuen vasteparametristä ja lajiryhmästä (paikallinen/ei-
paikallinen puulaji). Höyrynpaineen alijäämällä ja fotosynteettisesti aktiivisella säteilyllä oli
merkittävä vaikutus mahlan virtausnopeuden ajalliseen vaihteluun, kun taas tuulennopeus vai-
kutti vain joihinkin lajeihin. Mahlan virtausnopeuden ja WTD:n välillä havaittiin epälineaarisia
vuorovaikutuksia riippumatta puulajista. Mahlan virtausnopeus oli hiukan suurempi keskitason
WTD:llä -1.0–1.4 m. Ei-paikallisten lajien säteen kasvu yleensä väheni suurilla WTD:llä, kun
taas paikallisille lajeille ei löydetty samanlaista trendiä. Lisäksi ei-paikallisen puulajin päiväkoh-
taisen säteen kasvun ja mahlan virtausnopeuden välille löydettiin heikko–kohtalainen negatiivi-
nen lineaarinen riippuvuus. Soiden ojitus ja maankäyttö kietoutuivat voimakkaasti yhteen met-
sän häiriintyneisyyden kanssa. Jopa kolmasosa saaren metsistä oli hävinnyt ei-paikallisten puu-
lajien monokulttuurisen kasvatuksen myötä, mikä yhdistettiin voimakkaan kuivatukseen. Lisäk-
si toinen kolmasosa oli otettu viljelyskäyttöön vähemmän intensiivisellä kuivatuksella. Metsän
tilan heikkenemisen spatiaalinen ja ajallinen vaihtelu oli merkittävää. Ennen vuotta 2011 metsiä
heikensivät lähinnä metsäteollisuuden hakkuut, mutta sen jälkeen aiheuttajia olivat matalan
intensiteetin hakkuut ja hakkuut plantaasi- ja maanviljelyä varten.

Asiasanat: ekohydrologinen prosessi, metsän häiriöt, soiden seuranta, suometsä, turpeen
hydrologia, turvemaan tilan heikkeneminen
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1 Introduction 

1.1 Background  

For decades, tropical peatlands were considered to be wasteland with low economic 

benefits, and hence, they were converted to more productive land use, such as 

monoculture plantation (Posa et al., 2011). However, intensive drainage and land 

use in tropical peatlands are causing environmental impacts (Fig. 1), such as loss 

of biodiversity (Wijedasa et al., 2017) and land degradation (Miettinen et al., 2012). 

Peatland drainage induces peat compaction and oxidation that leads to soil 

subsidence and carbon emission (Hooijer et al., 2010, 2012; Jauhiainen et al., 2012). 

Peat contains up to 90% organic matter, which is highly flammable when dry. Once 

burned, the risk of repetitive fires increases while the chance for natural recovery 

drops (Hoscilo, 2009). The growth of peatland species is slow, where ferns and 

other fast-growing shrubs quickly dominate burnt peatlands, inhibiting the growth 

of woody species for natural regeneration of peat swamp forest (PSF1; Blackham 

et al., 2014; Lampela et al., 2017). Consequently, much peatland remains degraded 

even after decades. In addition, water use by plantations, like those producing palm 

oil, is high, and with the combination of intensive peatland drainage, water scarcity 

in dry season is imminent (Merten et al., 2016). Water scarcity affects the livelihood 

of local communities, triggering social conflicts among them and against plantation 

management (Merten et al., 2016), amplifying the existing tension from disputes 

over land tenure (Uda et al., 2017).  

These environmental impacts urge the importance of ecosystem protection and 

peatland restoration for recovering ecosystem services (Fleming et al., 2021; Page, 

Hosciło, Wösten et al., 2009; Tarigan et al., 2021). However, tropical peatlands are 

understudied and data and monitoring are limited. Despite increasing studies with 

hydrological monitoring (e.g., Cobb & Harvey, 2019; Marwanto et al., 2019), 

ecohydrological studies are mainly carried out for commercial species which are 

non-native to tropical peatlands (e.g., Hardanto et al., 2017; Meijide et al., 2017). 

Peatland is a complex ecosystem, where interactions between peat, water, 

vegetation, and emission are profound, with a strong feedback mechanism. The 

impact of peatland drainage on carbon emission has been thoroughly investigated 

(Couwenberg et al., 2010). However, little is known about the vegetation response 

 
1 The term of ‘peat swamp forest’ (PSF) is used to emphasis forest on tropical peatland, which is a 
commonly used term in literature nowadays, while ‘peatland’ is use as a general term.  
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of native species to hydrological change, which is needed for peatland restoration 

(Dohong et al., 2018). The implementation of ecosystem protection and peatland 

restoration also requires an understanding of forest disturbances of PSF, which are 

certainly intertwined with land use and peatland drainage (Mishra et al., 2021). 

Tropical PSFs are deforested to make room for commercial species (Miettinen et 

al., 2016) and then drained to boost growth (Hooijer et al., 2010). Therefore, we 

carried out environmental monitoring of peatland hydrology, peatland species, and 

forest disturbances in Padang Island, Indonesia, the home of over half (>15 million 

ha) of global tropical peatlands (Page et al., 2011). 

1.2 Peatland in Southeast Asia and Indonesia  

Peatlands in Indonesia can be found in the eastern coastline of Sumatra, the 

southwest coastline of Borneo, and in west Papua (Ministry of Environment and 

Forestry, 2016). Up to 5 million ha of peatland has been drained for large-scale 

monoculture plantations of only a handful of species, such as palm oil, pulpwood, 

and rubber (Miettinen et al., 2016). These commercial species are non-native to the 

waterlogged peatlands, and consequently, tropical peatlands are drained to support 

their growth, often to below 1-m depth (Hooijer et al., 2012; Mishra et al., 2021). 

Unfortunately, draining reverses the carbon flux in peatlands, transforming the 

carbon sink into a carbon source (Hooijer et al., 2012), with an estimate of 900 g 

CO2 m-2 ha-1 for every 10 cm of drainage depth (Couwenberg et al., 2010).    

The remaining PSF also suffer from intensive forest disturbances such as 

logging, particularly since logging permits for these areas were granted in early 

2000 (Miettinen et al., 2012). Since then, forest disturbances, mainly deforestation 

and forest degradation, have affected millions of ha of tropical PSF in Indonesia 

and across Southeast Asia (SEA; Miettinen et al., 2016). Forest disturbances 

decrease the diversity in flora and fauna (Posa, 2011), and several woody species 

are already on the endangered list because off intensive logging (Kalima et al., 

2020). Degraded PSF and drained peatland, unfortunately, have low resilience to 

changing climates. El Niño has triggered multiple big peat fires since 1997 (Edward 

et al., 2020). In 2015, 2.6 million ha were burnt in Indonesia (Fig. 1), many of them 

were peatlands, with an estimated economical loss of up to $16 billion US (The 

World Bank, 2015). Peat fires exacerbate carbon emission, with 1,750 Mt CO2e 

emitted by peat fires in 2015 (The World Bank, 2015). Peat fires were attributed to 

a combination of ‘burning for land-clearing practice’ on plantations/ agricultural 

farms (Edwards et al., 2020) and excessive heat from prolonged drought (Page, 
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Hoscilo, Langner et al., 2009). Large areas of degraded peatlands can be found in 

Central Borneo, Indonesia, where a governmental project in 1997 which aimed to 

convert a million ha of peatlands for paddy fields failed (Hoscilo, 2009). Ever since, 

this area has been burned repeatedly (Hoscilo, 2009). Mismanagement of peatlands 

in Indonesia contributed to most of the nation’s emission, once placing it among 

the four largest global carbon emitters (Tacconi & Muttaqin, 2019). Indonesia alone 

aims to restore over 2 million ha of degraded peatland across the country, which is 

unprecedented in scope (Indonesian Peatland Restoration Agency [BRG], 2016). 

1.3 Peatland monitoring  

Land degradation and intensive drainage induces change in the peatland ecosystem, 

but the extent of this impact is unknown. Integrated monitoring in tropical peatlands 

is needed to understand the interaction between the components of peatland 

ecosystems (i.e., peat, water, vegetation, emission) and the impact of anthropogenic 

changes. Studies monitoring tropical peatlands are growing, mainly for 

hydrological parameters (e.g., Cobb & Harvey, 2019; Hooijer, 2005), emissions 

(e.g., Marwanto et al., 2019), vegetation (e.g., Lampela et al., 2017), and land-cover 

change (e.g., Miettinen et al., 2016).   

Near-real time hydrological monitoring in several locations in Indonesia was 

recently launched by BRG (https://sipalaga.brg.go.id/). The monitoring delivers 

hourly recorded water-table depths (WTD), rainfall, and soil moisture. Previous 

studies have also reported hydrological monitoring in intact peatlands (Cobb & 

Harvey, 2019; Hooijer, 2005), plantations (Jauhiainen et al., 2012; Marwanto et al., 

2019), and drained forested peatlands (Hirano et al., 2015; Ishii et al., 2016; 

Lampela et al., 2014). Most of these studies have already used automatic sensors, 

such as pressure level transducer for water table and tipping-bucket rain gauge at 

minimum hourly time interval. Marwanto et al. (2019) also recorded WTD 

simultaneously with emission, peat moisture, and temperature to assess the 

emission from plantation drainage. Merten et al. (2016) and Hirano et al. (2015) 

investigated water budgets on tropical peatlands to estimate evapotranspiration 

from a monitoring tower of Eddy covariance flux.  

Vegetation monitoring, particularly for native species of tropical peatlands, is, 

unfortunately, still limited. Ecohydrological studies in the tropics have 

predominantly been conducted for non-native commercial species, such as palm oil 

and pulpwood (e.g., Hardanto et al., 2017; Meijide et al., 2017; Mendham & White, 

2019; Merten et al., 2016; Röll et al., 2015). Meijide et al. (2017) and Röll et al. 
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(2015) used thermal dissipation probes to measure the sap-flux density of palm oil 

in order to assess the variations in water use due to hydrological change. Hardanto 

et al. (2017) monitored the water use of palm oil and rubber simultaneously with 

soil moisture to examine the effects of flooding on these non-native commercial 

species. Native species of tropical peatlands, unfortunately, received little attention 

due to their lower economic value (Tata et al., 2022). However, native species are 

thriving in natural undrained peatlands, developing the functioning ecosystem, in 

contrast to the environmental impacts and carbon emissions from the establishment 

of large-scale plantation of non-native species (Hooijer et al., 2012; Jauhiainen et 

al., 2012; Marwanto et al., 2019). Native species have only recently received the 

proper recognition for restoration (Graham, 2014; Lampela et al., 2017; Mojiol et 

al., 2014; Rochmayanto et al., 2021; Suwito et al., 2021; Tata et al., 2022). Lampela 

et al. (2017) monitored numerous native species to assess their viability for peatland 

restoration. The few studies of native species, nevertheless, were mainly carried out 

on seedlings; vegetation parameters, such as survival and growth rates, were 

measured manually through visual observation (Graham, 2014; Lampela et al., 

2017; Tata et al., 2022). However, radial growth of vegetation can be monitored 

with high precision and high temporal resolution using a dendrometer (Drew & 

Downes, 2009). Hence, more ecohydrological studies of native species, particularly 

on standing tree levels, are needed. 

Ground monitoring provides high precision and accuracy of environmental 

parameters. Sensors can be set to record certain times to deliver very high temporal 

resolution (e.g., every 10 minutes). However, large deployment of ground sensors 

is not cost efficient, and spatial resolution is considerably low. Therefore, landscape 

monitoring is needed to understand the change on a larger scale. In northern 

peatlands, numerous remote sensing (RS) methods have been used to map and 

monitor environmental parameters, hydrological and vegetation change in 

particular, following peatland restoration (Fig. 2). 

 Tropical peatlands are mostly covered by vegetation that can be as dense as 

intact PSF, which poses a challenge for RS monitoring. Vegetation cover inhibits 

the penetration of the electromagnetic spectrum to the ground, limiting the 

sensitivity for non-vegetation parameters such as soil moisture or WTD (Jaenicke 

et al., 2011). Consequently, most RS studies in the tropic are focused on vegetation, 

particularly forest dynamics. Understanding forest dynamics would also benefit the 

implementation of REDD+ (Reduced Emission from Deforestation and forest 

Degradation, while ‘+’ refers to the role of conservation, sustainable management 

of forests and enhancement of forest carbon stocks), which has been ratified by the 
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Indonesian government (Groom et al., 2022; Tacconi & Muttaqin, 2019). The goal 

of REDD+ is in line with the goal of peatland restoration for ecosystem recovery 

and for the reduction of emissions. 

Fig. 1. (a) Indonesia [green rectangle] and (b) draining of tropical peatland. (c) Fire 

hotspot and haze over Sumatra and Borneo islands of Indonesia [dark rectangle in 

panel a]. (Fig. c adapted in the public domain from National Space Agency [NASA], 

2015). 
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Fig. 2. Remote sensing (RS) for monitoring changes of environmental process following 

restoration in northern peatlands. Three major platforms (UAS/Unmanned Aerial 

System, airborne, and spaceborne) and common electromagnetic spectrum (visible 

RGB/Red Green Blue, IR/infrared, and microwave) by the RS sensors. Monitoring 

requires revisited data acquisition. (Adapted, with permission, from Paper I © 2022 

Authors). 
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Tropical PSF is highly dynamic, as the drivers of forest disturbances change over 

space and time. While large-scale deforestation had been the center of forest 

monitoring in tropical PSF (e.g., Mitchell et al. 2017), our understanding of the 

spatial and temporal dynamics of forest degradation is also limited, mainly due to 

technical problem in detection of forest degradation. Forest monitoring has relied 

mainly on medium- to low-resolution RS data. While such RS data is capable of 

detecting deforestation at the landscape level (Hansen et al., 2009; Miettinen et al., 

2016), they have low accuracy for detection of forest degradation which has large 

variation in severity (Gao et al., 2020; Mitchell et al., 2017). Forest degradation in 

tropical PSF is driven mainly by logging, which varies on an industrial scale and 

causes severe degradation to small-scale logging by local communities (Englhart 

et al., 2013; Franke et al., 2012). In addition, RS data for forest monitoring was 

mostly obtained from optical sensors that has issues with cloud cover, which is 

persistent in the tropics (Gao et al., 2020; Mitchell et al., 2017). Optical RS data 

also lacks consistent sensitivity for the estimation of above-ground biomass (AGB) 

(Englhart et al., 2014), the main component of the carbon budget in the forestry 

sector under the REDD+ scheme. Nevertheless, optical RS is still the main data 

source for forest monitoring, e.g., by the Global Forest Watch 

(https://www.globalforestwatch.org/map/). Airborne Laser Scanning (ALS) 

currently produces the most accurate estimates of forest structure and AGB 

(Jubanski et al., 2013; Kronseder et al., 2012), but its application for landscape 

mapping and regional monitoring is not cost efficient. The application of 

spaceborne InSAR (Interferometric synthetic aperture radar) with the ability to 

penetrate cloud cover is growing (Amitrano et al., 2021; Gao et al., 2020), but the 

use of InSAR for forest monitoring and AGB estimates on tropical PSF remains 

rare (e.g., Tanase et al., 2015). This highlights the importance of cloud penetrating 

InSAR for forest monitoring of peatlands and for the implementation of REDD+. 

1.4 Objectives of the study  

Tropical peatlands are poorly understood in comparison to northern peatland. 

Lessons learnt from decade-long restoration in the northern peatlands suggest the 

complexity of ecosystem restoration, which requires an in-depth understanding of 

the interactions between ecosystem components (Similä et al., 2014). The lack of 

ecohydrological studies of native species in tropical peatlands and the need for 

effective monitoring techniques for peatland restoration and REDD+ were the 

motivations for this study. The main objective of this study was to improve our 
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understanding of the ecohydrological process and forest dynamics in tropical 

peatlands. Here we focus on hydrological change caused by peatland drainage, the 

vegetation response to hydrological change, and forest disturbances. The work was 

motivated by three research questions: 

– How does peatland drainage induce spatial and temporal variability in WTD in 

tropical peatlands? Drainage to lower WTD varies in dimension, which is 

generally linked with the land cover/land use. Drainage needed for the large-

scale plantation of palm oil or pulpwood is large, up to 10 m wide and over 3 

m depth, with intensive networks, often in intervals of 100 m (Jauhiainen et al., 

2012). Meanwhile, drainage for small-scale farms, such as rubber farms, is 

much smaller. Drainage extends the surface discharge to a deeper layer, 

accelerating the recession rate of WTD, which may lead to a high frequency of 

temporal fluctuation. We investigated the extend of the impact of peatland 

drainage in spatial and temporal variability in WTD.  

– How does vegetation respond, in terms of water uptake and growth, to temporal 

changes in WTD? WTD, along with the peat depth, are the main controls for 

species diversity and their stand structure in tropical PSF (Kuniyasu & Tetsuya, 

2002; Mirmanto, 2010; Page & Rieley, 2018). The vegetation response to 

change in WTD may vary between native and non-native species, and among 

diverse native species. Native species survive waterlogged peatlands through 

physiological change, such as developing extensive buttresses, 

pneumatophores, and adventitious roots (Graham, 2014; Osaki & Tsuji, 2015; 

Ripin et al., 2017; Tata et al., 2022). We hypothesize that shallow WTD would 

induce lower rates in water uptake and growth for non-native species, while 

native species have the opposite trend.  

– How can InSAR RS support the monitoring of forest disturbances in tropical 

peatlands? Forest disturbances cause most of the land degradation in peatlands 

(Mishra et al., 2021). Tropical peatlands are deforested, mainly for plantation 

and farms, which are linked with peatland drainage. Meanwhile, forest 

degradation, mainly by forest logging, is a threat to the implementation of 

peatland restoration and REDD+. The basic method for forest monitoring by 

RS is the use of the electromagnetic spectrum recorded by RS sensors to 

analyses vegetation parameters, such as the vegetation greenness index. This 

method is commonly known as the 2D RS method. However, this method has 

major drawbacks, such as the loss of sensitivity when vegetation becomes 

denser. Consequently, 2D RS methods are less applicable for subtle changes in 
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forests. Meanwhile, InSAR has been found to have consistent sensitivity for 

estimating wide ranges in AGB in non-peat tropical forests (Solberg et al., 

2017). Here, we investigated the use of InSAR that takes advantage of the 

detection of the vertical structures of vegetation, classified as the 3D RS 

method, to detect large variation in the severity of forest degradation, as well 

as the dynamics of forest disturbances in PSF.  

To address these research questions, we conducted a multi-disciplinary study on 

Padang Island, Indonesia. We carried out 1) temporal monitoring of 

micrometeorological, hydrological, and vegetation parameters, 2) ground 

measurements of WTD and AGB, and 3) an investigation of multi-temporal InSAR 

for forest monitoring. This thesis is a compilation of published articles and 

manuscripts, in which each research question corresponds to one published article 

or manuscript.         
  



26 

 



27 

2 Study area and methodology 

2.1 Study area 

Padang Island is located in the east of Sumatra (Fig. 3b), within the administrative 

region of Riau province, which had the largest deforestation rates in SEA 

(Miettinen et al., 2016). The island is around 100 km northeast of Pekanbaru city, 

the capital city of Riau province (Fig. 3b). The annual rainfall ranges from 1000–

3000 mm and the air temperature ranges from 21–36 °C (Ardhitama & Sholihah, 

2014). Based on climate classification by the Indonesian climate agency, Padang 

Island is in a non-distinctive climatic zone, where the separation between the rainy 

and dry season is not apparent (Ardhitama & Sholihah, 2014). The island is over 

100.000 ha in size, with almost all of this area covered by peat layers up to 10 m in 

thickness in the center (Fig. 3c). 

PSF occupied about a third of the island and was concentrated mainly in the 

center (Fig. 3d). Pulpwood plantations of Acacia crassicarpa, the tropical 

pulpwood that can survive in drained peatlands, occupied another one third of the 

western coast, established back in 2013. Farm, shrub/burnt, and other minor land 

use/land cover, such as mangrove and settlements, covered the rest of the island, 

stretching from the north all the way to the south through the eastern coastline. 

Farms were dominated by rubber and sago, while the most common shrub was 

typically fern. The burnt areas were mostly due to the fire in 2014 (Susanti et al., 

2018). Intensive drainage was constructed on the western coast for an  

A. crassicarpa plantation, while less intensive drainage could be found on the 

eastern and southern coastline for small-scale rubber farms and roads (Fig. 3e). The 

remaining PSF had been severely degraded, with intensive networks of logging 

trails that penetrated deep into the center of the island (Fig. 3f). These trails were 

from industrial logging in the late 90s, as well as smaller logging trails created by 

local settlers. Logging trails were connected either to the road network or the rivers, 

which was also a major transport-hub on the island. In short, Padang Island had 

suffered deforestation, intensive logging, drainage, and fires, all representing 

peatland disturbances across SEA, highlighting the relevance of Padang Island for 

the study of anthropogenic change in tropical peatlands.   
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2.2 Materials 

We collected three types of data:  

1. time-series data of environmental parameters (hydrology, micrometeorology, 

and vegetation), 

2. one-time measurement spatial ground data, and 

3. RS data. 

2.2.1 Ecohydrological and micrometeorological monitoring (Paper II 

& III) 

Five monitoring stations for hydrological parameters were installed across Padang 

Island (Fig. 3e). The location selection was based primarily on distance to drainage, 

road access, and safety concerns. Distance to drainage was determined as a rough 

classification of drainage/degradation severity: severely degraded (Sd-) near 

plantation drainage and lightly degraded (Ld-) near farm drainage. Drainage 

severity and the names of the local area were used for labelling the station. 

Monitoring stations were Sd-TP (Tanjung Padang), Ld-Ku (Kudap), Ld-SA (Selat 

Akar), Ld-Me (Mengkirau), and Sd-AK (Anak Kamal). Sd-TP and Sd-AK stations 

were close to the large drainage near the pulpwood A. crassicarpa plantation, while 

the rest of the stations were near the small drainage. Sd-TP and Ld-Me were located 

at the forest edges, while Ld-Ku, Ld-SA, and Sd-AK were between farms. Each 

station was equipped with a tipping-bucket rain gauge (MISOL Electric, China) 

and a water-table sensor (OEM HC-801 submersible pressure level transducer, 

Diwi Taiwan) buried inside a perforated tube (Fig. 4b). Monitoring began in April 

2017, with recording interval of 20 minutes. Several stations had data record until 

August 2018. 
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Fig. 3. (a) Distribution of tropical peatlands in Indonesia from the Ministry of 

Environment and Forestry (2016), (b) Padang Island on the east coast of Sumatra, (c) a 

terrain elevation and estimated model of Padang Island, (d) land use/land cover, (e) 

monitoring stations and drainage networks, and (f) logging trails, roads, and rivers. 

Monitoring stations are Sd-TP /Tanjung Padang, Ld-Ku/Kudap, Ld-SA/Selat Akar, Ld-

me/Mengkiaru, and Sd-Ak/Anak kamal. (Figs. 3d & 3e adapted, with permission, from 

Paper II © 2021 Authors; Fig. 3f adapted, with permission, from Paper IV © 2022 Authors). 
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Fig. 4. (a) Monitoring stations at Sd-TP/Tanjung padang and (b) the sensors and 

equipments. (c) Sap-flux and dendrometer on native species and on (d) non-native 

Acacia crassicarpa. (Adapted, with permission, from Paper III © 2022 Authors). 

The Sd-TP station, about 10 m from an outlet canal (Fig. 4a), was installed with 

extra sensors for micrometeorology and vegetation parameters. The 

micrometeorological parameters were air temperature (aT), Photosynthetic Active 

Radiation (PAR), relative humidity (rH), and wind speed (WS), while vegetation 

parameters were sap-flux velocity (Js) and radial growth as stem radial increment 

(SRI). Sensors for micrometeorological parameters (MISOL Electric, China) were 

mounted on hydrological stations (Fig. 4b), while sensors for vegetation, hand-

made sap-flux meters, designed by Davis et al. (2012), and dendrometers for 
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growth (DC Ecomatik Circumference Dendrometers, ICT international) were 

installed on the nearby trees (Fig. 4c and 4d), less than 10 m from the monitoring 

station. Four trees from native species were chosen, C. arborescens (Geronggong), 

S. uliginosa Foxw (Meranti Bakau), Tetramerista glabra (Punak), and Koompassia 

malaccensis (Kempas), with diameters at breast height (DBH) of 27 cm, 73 cm, 80 

cm, and 103 cm, respectively. These species were selected primarily based on 

restoration recommendations from previous studies (Alimah, 2014; Graham, 2014; 

Rochmayanto et al., 2021; Suwito et al., 2021; Tata et al., 2022; Yulianti et al., 2010) 

and discussions with local communities. Two trees from non-native  

A. crassicarpa were also selected for comparison and had DBHs of 53 and 62 cm. 

A pair of vegetation sensors (one sap-flux meter and one dendrometer) were 

installed on each tree. Both the temperature probes for the sap-flux meter were 

installed at 5-cm depth. Despite our best efforts, sensors at Ld-Ku station were 

stolen just several weeks after the measurement, while the rest of the stations were 

vandalized after a couple of months. Hence, data records varied between stations 

and sensors, partly also because of sensor failure, peat fire, and infrequent 

maintenance due to remote access to the stations. 

2.2.2 Ground measurement (Paper II & IV) 

We conducted one-time measurements of WTD along several transects near the Sd-

TP, Ld-Me, and Sd-AK stations (Fig. 5) to compensate for the low spatial resolution 

of monitoring stations. Transects were designed based on road network for access, 

variation of land cover/land use, terrain elevation, and proximity to monitoring 

stations. WTD along the transect were measured manually at various interval, 

depending on the elevation slope, e.g., short interval on steep slopes. The 

measurement began in early May 2018, the beginning of the dry season (Ardhitama 

& Sholihah, 2014) and was completed within 10 days. To minimize the temporal 

variability, each transect was finished within the same day. In total, there were eight 

transects comprised in total of 153 WTD points. 

Field plots for AGB were acquired in 2017 (Fig. 5a). For each plot, tree DBH 

was measured, and species was identified. Tree height was excluded because height 

measurement under very dense canopy was difficult in many plots. Field plots were 

designed to be square with multi-stage sampling of two DBH classes: trees with 

DBH range 5–10 cm within 10x10 m2 and trees with DBH >10 cm within 20x20 

m2. Dense understory and swampy grounds also hampered the measurement of a 

larger plot size. In total, there are 23 field plots, all of them within the forest. Field 
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plots were selected from sparse to near-pristine forest to cover a wide range of 

variation in forest density, and thus the plots were not evenly distributed. Field plots 

were transformed into AGB by an allometric equation developed for PSF by 

Manuri et al. (2014): 

 ln AGB 1.343 2.423 ln DBH 0.776 ln 𝜌 , (1) 

where DBH is in cm, and ρ is wood density (g cm-3). Species with unknown ρ were 

assigned the average ρ for PSF species, 0.543 g cm-3 (Manuri et al., 2014). 

2.2.3 Remote sensing (Paper IV) 

RS data included ALS data and aerial imagery acquired in late 2016 covering the 

entire island (Fig. 6a). The ALS data had point density of 1.8 pulses m-2 while 

airborne imageries had spatial resolution of 0.5x0.5 cm2. Terrain elevation at 1x1-

m2 spatial resolution was obtained from a company that carried out the ALS 

acquisition. Terrain elevation was extracted from an ALS point cloud with vertical 

accuracy <25 cm. Additional surface and terrain elevation along five profile 

sections crossing the eastern part of Padang Island (Fig. 6a and 6d) were available 

from an ICESat-1 (Ice, Cloud, and land Elevation Satellite) mission between 2003–

2009 (Zwally et al., 2014). 

The main RS data for monitoring was multi-temporal InSAR data from 

TanDEM-X (TerraSAR-X add-on for Digital Elevation Measurement) and SRTM-

X (Shuttle Radar Topography Mission X-band) missions (Fig. 6b and 6c). There 

was a total of 12 scenes of TanDEM-X data available from five different years from 

the TanDEM-X mission in 2010–2017 (Table 1), and an extra piece of data from 

the SRTM-X mission in 2000. TanDEM-X data was in single horizontal-horizontal 

polarization, available in a Coregistered Single Look Slant Range Complex format 

as a pair of co-registered images (each comprised of backscatter amplitude and 

phase) from two different look angles. This is the basic format of TanDEM-X for 

extracting digital surface models (DSM). SRTM-X data was already available as 

DSM at 30x30-m2 resolution. 
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Table 1. Specifications of multi-temporal TanDEM-X data. There were two scenes for 

each acquisition date, except in 2011, which had four separated scenes. (Adapted, with 

permission, from Paper IV © 2022 Authors). 

Specification  
Year  

2010 2011 2012 2013 2017  

Acquisition date 22.12.2010 14.05.2011 01.12.2012  06.11.2013 14.04.2017  

Incident angle (°) 46.7–48.5  46.7–48.5 28.3–31.3 47.2–48.8 28.4–31.3  

Resolution (azimuth; m) 1.36 2.27 2.03 1.98 2.03  

Resolution (range; m) 2.21  1.36 1.36  1.36 1.36  

Height of ambiguity (m) 43.54  61.44 30.53  83.95 28.29  

 

Fig. 5. (a) Field plot across the island, along with transects of water-table depth (WTD) 

near the monitoring stations of (b) Sd-TP/Tanjung Padang, (c) Ld-Me/Mengkirau, and (d) 

Sd-Ak/Anak Kamal. (Reprinted under CC BY-NC-ND 4.0 license from Paper II © 2021 

Authors). 
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Fig. 6. (a) Aerial imageries from airborne platforms acquired in late 2016 and the 

trajectory of several ICESat-1 missions from 2003–2009, (b) Interferometric coherence 

of TanDEM-X images in 2012, (c) Digital Surface Model representing the elevation of 

forest canopy from SRTM-X 2000, and (d) surface and terrain elevation from ICESat-1 

2004. (Reprinted, with permission, from Paper IV © 2022 Authors).   
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2.3 Methods 

The three main tasks which correspond to the research questions (Section 1.4) were: 

task 1: hydrological analysis, task 2: multivariate-regression analysis of vegetation 

(sap-flux velocity and growth) and environmental parameters, and task 3: 

monitoring forest change by InSAR. All tasks are connected (Fig. 7) with a 

continuation from task 1 to task 3. The detail description for each task is given 

further below in each section (Sections 2.3.1–2.3.3). 

 

Fig. 7. The three main tasks of this study. Task 1 covered the hydrological analysis, task 

2 was an analysis of ecohydrological process, and task 3 was an applications of RS 

(Remote Sensing) for forest monitoring. 
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2.3.1 Task 1: Hydrological analysis (Paper II) 

Hydrological analyses were used to interpret and assess the spatial and temporal 

variability in WTD (Fig. 8). For each station, WTD-rainfall analysis was applied to 

estimate Specific yield (Sy) along the peat depth, and to time residence curve (TRC) 

and recession curve analyses to assess the degradation severity. We generated 

profile sections of WTD from transect measurement along different land use/land 

cover, terrain elevation, and drainage networks to assess the spatial variability in 

WTD. 

Fig. 8. Flow chart for task 1. We applied hydrological analysis (water-table depth/WTD-

rainfall analysis, time residence curve, and recession curve) to hydrological data (WTD 

and rainfall) and used spatial data (terrain, land use/land cover(LULC), and drainage 

networks) from remote sensing to examine the spatial and temporal variability in WTD. 

(Modified from Paper II). 

We estimated Sy using WTD-rainfall analysis, adopted from Bourgault et al. (2016) 

and Cobb and Harvey (2019). Any rainfall event was identified from each station, 

which was defined from multiple rainfalls, recorded by tipping rain gauges at two-

hour intervals. Recorded rainfalls that were separated over 2-hour intervals were 

considered to be from different rainfall events. For each rainfall event, Sy was 

calculated as the amount of rainfall (mm) for each mm of WTD rise, often referred 

to as the rain-to-rise ratio. The duration of rainfall events was considered too short 

for ET to affect the WTD rise, and thus ET was excluded from Sy calculation. 
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Meanwhile, WTD rise was calculated from the difference of 2-hour average WTD 

at two inflexion points during rainfall events (Fig. 4 in Paper II). The first inflection 

point occurs when WTD started to increase as a response to rainfall, and the second 

inflection point is when WTD is at its peak and begins to drop. Any rainfall event 

with an intensity of <5 m was removed as such intensity did not induce apparent 

WTD rise or the response was not consistent. 

TRC analysis was adopted following Holden et al. (2011), and is the 

cumulative distribution of WTD, set from the deepest to the shallowest WTD at 

intervals of 0.1 m. TRC was calculated as the proportion of time when WTD is in 

a certain range of depth, for example, the proportion when WTD is deeper than  

−0.4 m. Because WTD at −0.4 m is defined as the threshold for healthy tropical 

peatlands (Wösten et al. 2008), TRC deeper than this WTD threshold represents the 

degradation severity. Recession curve analysis was adopted from Cobb and Harvey 

(2019), which was based on a manual matching strip method. A master recession 

curve (MRC) was created by picking the recession curve manually from the WTD 

hydrograph. In general, the recession curve began when the rising limb of WTD 

was saturated at the shallowest depth. Sometimes, the recession curve was 

interrupted by another rising limb from the next rain event. Only recession curves 

that lasted a minimum of 10 days with minimal interruptions (rising limb <10 cm 

or total rainfall intensity <5 mm) with missing values of less than a day were 

considered. All the recession curves were then compiled into a single MRC by 

adjusting the timeline to align or to overlap the recession curves with one another. 

The MRC was set to start at day 1 when the WTD was at its shallowest depth. 

2.3.2 Task 2: Multivariate-regression analysis for ecohydrological 

parameters (Paper III) 

For task 2, we used various multivariate regressions, such as partial-correlation 

analysis, path analysis, and generalized additive model (GAM), as well as Welch’s 

t-test to explain the temporal variability in vegetation parameters (Js and SRI), with 

hydrological and micrometeorological parameters as explanatory variables (Fig. 9). 

Daily Js was calculated using the equation from the instruction for assembling the 

hand-made sap-flux meter (Davis et al., 2012). Explanatory variables were 

hydrological parameters (WTD) and micrometeorological parameters (PAR, vapor 

pressure deficit/VPD, and WS). Rainfall was excluded because this parameter was 

already used for hydrological analysis to explain variation in WTD (task 1 in 

Section 2.3.1), while VPD was calculated from aT and rH (Zhao et al., 2016).  
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Partial-correlation and path analysis are advanced multivariate regression 

models with the ability to detect interactions between explanatory variables, which 

are suitable for micrometeorological parameters that are strongly correlated with 

one another (Chen et al., 2020). Nevertheless, VPD and PAR are known to have a 

profound influence on Js (Zhao et al., 2016) which may conceal the significance of 

other variables. We specifically extended the analysis of WTD for daily Js. The 

effects of other explanatory variables in Js were removed by extracting the residuals 

from multivariate models (path analysis) which excluded WTD in the model. 

Hence, specific relationships between Js and WTD can be examined because the 

effects of other parameters (e.g., VPD, PAR) in Js were already removed. The 

analysis of residual Js-WTD was carried out by non-linear GAM with function 

bases of three to avoid overfitting.  

The dendrometer reading (Dm) in girth was divided with 2π to obtain a radial 

measurement. The daily SRI was then calculated from the difference of the daily 

average Dm on the current day with the daily average of Dm on the previous day. 

The correlation between daily Js and daily SRI was examined by regression 

analysis. Further, we compiled the daily SRI within different WTD classes: shallow 

(<−1.0 m), transitional (−1 to −1.4 m), and deep (>−1.4 m). In the end, we 

examined whether the vegetation response (Js and SRI) to environmental variables 

(WTD, VPD, etc.) varied among native species and between native and non-native 

species. 

2.3.3 Task 3: Forest monitoring by multi-temporal InSAR (Paper IV) 

In brief, we used the spatial analysis of forest change, represented by change in 

canopy height model (CHM) derived from multi-temporal InSAR 2000–2017, to 

assess the drivers of forest disturbances (Fig. 10). Change of InSAR CHM was 

validated against CHM change from ALS and ICESat-1 through regression analysis; 

ALS and InSAR were used to upscale AGB estimates from field plots.  Field-based 

AGB was upscaled using cloud metrics derived from ALS. There were two main 

groups of cloud metrics, ALS CHM and density (McGaughey, 2010). ALS CHM 

was obtained from eight variants of percentile height (30, 40, … 100%), which 

were the average elevation ranges, from 30 to 100%, of the highest point clouds. 

ALS density was obtained from fractions of points within the range of heights from 

the ground, divided by the total number of points, and multiplied by 100%. The 

heights varied (1, 5, …, 30 m), producing seven variants of ALS density. This cloud 

metric represents the proportion of point clouds reflected in the forest canopy; a 
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higher proportion means higher forest cover. In total, there were 15 cloud metrics 

of ALS CHM and densities, generated at high spatial resolutions, 10x10 m2 (0.01 

ha). ALS cloud metrics were then used to upscale field based AGB using several 

regression models, producing ALS AGB. The regression models were either single 

(either only one of ALS CHM or density as a predictor) or multivariate; to each, 

the regression relationship can be linear or non-linear (exponential, polynomial). 

The best regression model was determined using an ANOVA, backward stepwise 

regression, and RMSE.  

 

Fig. 9. Flow chart for task 2. Statistical analysis (regression model, path analysis, and 

parameter classification) were used to examine the connection between environmental 

parameters (hydrological and micrometeorological parameters) and vegetation 

parameters. (Reprinted, with permission, from Paper III © 2022 Authors).  
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Fig. 10.   Flow chart for task 3. Above-ground biomass (AGB) from field plots were 

upscaled using airborne laser scanning (ALS) and InSAR, producing ALS and INSAR 

AGB. A change of canopy height model (CHM) from ALS 2016 and ICESat-1 2003–2009 

was used to validate the CHM change derived from multi-temporal InSAR 2000–2007. A 

CHM change InSAR 2000–2017 was later used to assess the drivers of forest 

disturbances through spatial analysis. (Reprinted, with permission, from Paper IV © 

2022 Authors).         
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Multi-temporal CHMs were obtained from SRTM-X 2000 and TanDEM-X 2010–

2017. InSAR processing was applied to extract the CHM from the TanDEM-X data 

(Table 1). The InSAR processing steps were adopted from Solberg et al. (2017) and 

are the basic steps for extracting surface elevation or DSM from co-registered 

InSAR data. The InSAR processing steps were: (1) interferogram generation, (2) 

multi-looking, (3) filtering, (4) phase unwrapping, (5) conversion to relative 

elevation, (6) removal of ramp errors, and (7) geocoding and mosaicking. The 

terrain elevation was then separated from the surface elevation by subtracting the 

terrain model from ALS with surface models from InSAR, leaving only forest 

height or CHM, referred to as InSAR CHM. For temporal analysis, we divided the 

timeline into two periods, 2000–2011, and 2011–2017. The year 2011 was set as 

the mid-point because of the full coverage of InSAR data for that year. InSAR CHM 

change was then produced using raster algebra of InSAR CHM with corresponding 

years: CHM change from 2000–2011 and 2011–2017. We also produced overall 

CHM change for 2000–2017 for validation with reference to CHM change from 

ALS 2016 and ICESat-1 2003–2009 (Enßle et al., 2014). In addition, one of the 

InSAR CHMs was used to estimate AGB, referred to as InSAR AGB, using ALS 

AGB as a predictor in the regression model. 

We performed spatial analysis of InSAR CHM change by calculating the area 

with certain CHM change within various distances from logging trails and small-

scale farms (Fig. 2), the two major forest disturbances on Padang Island. CHM 

change was classified into three classes based on the intensity and range of CHM 

change within the timeline, 2000–2011, and 2011–2017. The distance from logging 

trails and farms varied from 250 m to >1.5 km. The CHM change within pulpwood 

plantations was excluded from spatial analysis because information on logging 

trails within plantations was missing, and such CHM change was not related to 

farming. Instead, such CHM change was viewed as forest lost to plantation.          
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3 Results 

3.1 Hydrological dynamic on Padang Island (Paper II) 

3.1.1 Spatial and temporal variation in the water table 

Time-series WTD in all stations shows spatial and temporal variation in WTD on 

Padang Island (Fig. 11). WTD in the Sd-TP station had a much deeper mean WTD 

(−1.20 m, WTD negative indicates the depth below the ground), in comparison to 

the mean WTD in other stations, which were −0.61m, −0.43 m, and −0.76 m for 

Sd-AK, Ld-Me and Ld-SA, respectively. The temporal variation or WTD 

fluctuation also varied between stations. All stations show recession of WTD from 

Jan–Feb 2018, but only Sd-TP and Ld-Me show constant recession from Jun–Jul 

2017. Data records from Sd-AK within this timeline are missing, while recession 

in Ld-SA was interrupted. There seems to be no apparent similarity in temporal 

variation among these stations outside of those periods. WTD also varied across 

different land use/land cover (Fig. 12), despite insignificant difference (ANOVA  

p-value >0.05). The average WTD for farms, shrub, and forests were −0.45 m,  

−0.36 m, and −0.34 m, respectively (Fig. 12d). However, the general association 

between land use/land cover and drainage remains. Due to limited access to forests, 

our WTD measurement is not equally distributed across different land use/land 

covers; many WTD measurements in forests were taken near the drainage, where 

WTD tends to be deeper. Hence, the average WTD from our measurements in 

forests was also relatively deeper than it should be in intact undrained forests. 

Drainage typically exists along the rubber farms, but not in sago farms. Drainage 

also existed in pulpwood plantations, but none of our transects crossed plantations. 

In transect T2 (Fig. 12a), drainage existed in shrubs near the forest. This drainage, 

however, belonged to the plantation, which was an outlet canal for draining excess 

water from plantations into the North Sea (Fig. 5b). Drainages for plantations did 

not necessarily lie within the plantation itself. Terrain elevation and elevation 

gradient had very weak correlations with WTD (R2 < 0.03, p-value >0.05). 

3.1.2 Rain-water table relation 

Rainfall strongly influenced WTD as WTD rose in response to any rainfall, with a 

total intensity of >5 mm (Fig. 13). However, there was usually a time lag between 
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the initial rain event and WTD rise, for example, there was a 2-hour lag for the rain 

event at Sd-TP on August 7, 2018 (Fig. 13b). There might also be time lags at the 

end of rainfall events, in which WTD leveled off and began to drop even as the 

rainfall event continued. The relationship between WTD rise and rainfall events 

appears linear (R2 = 0.76, p-value <0.05), despite variations in trendline between 

stations (Fig. 14a). Regression in Sd-TP was slightly better (R2 = 0.93, p-value 

<0.05) than regression in Sd-AK (R2 = 0.82, p-value <0.05) or Ld-Me (R2 = 0.76, 

p-value <0.05). Overall, the number of rainfall events for Sd-TP, Sd-AK, and Ld-

Me were 14, 16, and 12, respectively, and the rain intensity range was 5–20 mm, 

with few outliers. The overall Sy range was 0.05–0.35, but the range was much 

narrower for Sd-TP, 0.05–0.15 (Fig. 14b). The lower Sy in Sd-TP corresponded to 

deeper WTD (below <0.75 m), while higher Sy at Sd-AK and Ld-Me corresponded 

to shallower WTD. 
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Fig. 11. Time-series of water-table depth (WTD) in monitoring station (a) Tanjung 

Padang/Sd-TP, (b) Anak Kamal/Sd-AK, (c) Mengkirau/Ld-Me, and (d) Selat Akar/Ld-SA. 

Right panel is the range and mean WTD. (Adapted, with permission, from Paper II © 

2021 Authors). 
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Fig. 12. Spatial variability in water level along transects (a) T2, (b) T3, and (c) T8, across 

terrain elevation (elev) and land use/land cover, visualized using colored horizontal bars 

above x-axis. Note that the scale of terrain elevation had been exaggerated to visualize 

the elevation gradient. However, the actual gradient was considerably flat. The location 

and orientation of the transects can be seen in Fig. 5. The stations were not necessarily 

on the transect and could be hundreds of meters away. Only three transects were 

presented, but all transect measurements were summarized in (d) water-table depth 

(WTD) based on major land use/land cover.  Right panel is the range and mean WTD. 

(Reprinted under CC BY-NC-ND 4.0 license from Paper II © 2021 Authors). 
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Fig. 13. Time series of daily rainfall and water-table depth (WTD) at (a) Tanjung 

Padang/Sd-TP, in particular (b) on March 7, 2018, and at (c) Anak Kamal/Sd-AK, and (d) 

Mengkirau/Ld-Me. (Adapted, with permission, from Paper II © 2021 Authors). 
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Fig. 14. (a) The rise of water-table depth (WTD) for all rainfall events with a total intensity 

of >5 mm and the linear trends and (b) specific yield (Sy) or rain-to-rise ratio along the 

pre-rain WTD for all stations, except Anak-Kamal/Ld-AK. (Adapted, with permission, 

from Paper II © 2021 Authors). 

3.1.3 Time residence curve and recession curve 

In all four stations, WTD mostly resided below the threshold depth of −0.4 m (Fig. 

15a). This TRC illustrates the variation in degradation, which increases in severity 

from Ld-Me to Sd-AK, Ld-SA, and then Sd-TP. WTD at Ld-Me was below the 

thresholds 80% of the time. In contrast, WTD at Sd-TP never rose above the 

threshold and was deeper than −1.0 m for 90% of the time. MRC (Fig. 15b) was 

comprised of a recession curve from two stations only, Sd-TP and Sd-AK, where 

recession can be recognized easily from the WTD hydrograph (Fig. 11), i.e., 

recession was consistent in a long period with minimum interruption. At both 

stations, WTD drop was higher during early recession, and then leveled off over 

time. Overall, WTD drop in Sd-TP was higher than WTD drop in Sd-AK. WTD 

drop at Sd-TP ranged from 1.0–3.5 cm/day within WTD from −0.8 to −1.8 m, while 

WTD drop at Sd-AK ranged from 0.5–1.8 cm/day within WTD from −0.4 to  

−0.7 m. 
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Fig. 15. (a) The time residence curve of water-table depth (WTD) in four stations, 

Tanjung Padang/Sd-TP, Selat Akar/Ld-SA, Anak Kamal/Sd-AK, and Mengkirau/Ld-Me, 

and (b) the master recession curve in two stations, Sd-TP and Sd-AK. (Adapted, with 

permission, from Paper II © 2021 Authors). 

3.2 Vegetation response to hydrological dynamics (Paper III) 

3.2.1 Environmental parameters and sap-flux velocity 

From multivariate regression models, VPD, PAR, and WS were the main 

significant explanatory variables for Js (Fig. 16, p-values <0.05). While VPD and 

PAR (figure unseen) had strong linear correlation with Js for most of the species, 

WS had the opposite weak inverse linear correlation with Js (Fig. 16). In particular, 

PAR has an indirect effect on Js trough VPD as the mediator (Fig. 17). Meanwhile 

WS was only a significant predictor for S. uliginosa Foxw and A. crassicarpa, 

because for C. arborescens and K. malaccensis, WS was associated with p_values 

slightly >0.05. Except PAR-VPD, no other interaction was observed between 

environmental parameters. WTD had no significant effect on variation in Js by path 

analysis, regardless of the species, native or non-native (Fig. 17). Nevertheless, 

WTD explained 2.79–6.68% deviance in residual Js in which non-native A. 

crassicarpa had higher deviance explained than native species (Fig. 18). The 

correlation appears non-linear quadratic in which Js was slightly higher when WTD 

was transitional, −1.0 to −1.4 m. 
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Fig. 16.  (a) Time series of observed and simulated sap-flux velocity (Js) of native 

species Cratoxylum arborescens by multivariate regression, (b and c) Js-VPD (vapor 

pressure deficit) and Js-WS (windspeed) regression for C. arborescens. (d) Js-VPD 

regression and (e) Js-WS regression for native species Shorea uliginosa Foxw and 

Koompassia malaccensis. (f) Js-VPD regression and (g) Js-WS regression for non-

native species Acacia crassicarpa having 53-cm and 62-cm diameters breast height. No 

regression model for Tetramerista glabra because of much shorter recorded data for 

Js. (Reprinted, with permission, from Paper III © 2022 Authors).      
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Fig. 17. Path analysis using water-table depth (WTD), Photosynthetic Active Radiation 

(PAR), and wind speed (WS) as exogenous variables (non-mediate explanatory 

variables) and vapor pressure deficit (VPD) as mediator to explain variability in Js for 

native species Cratoxylum arborescens (ca), Shorea uliginosa Foxw (suf), Koompassia 

malaccensis (Km), and non-native species Acacia crassicarpa having 53 and 62-cm 

DBH (A53 and A62).The asterisk symbol represents the significancy of path coefficient, 

while ns mean not significant. All non-significant arrows have been removed, except for 

WTD-Js to highlight the non-significance of WTD as the parameter of interest. 

Tetramerista glabra was excluded from path analysis because of much shorter recorded 

data for Js. (Reprinted, with permission, from Paper III © 2022 Authors). 
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Fig. 18.  (left) Residual sap-flux velocity (Js) versus water-table depth (WTD) classes 

and (right) GAM (generalized additive model) quadratic model between residual Js and 

WTD for native species (Shorea uliginosa Foxw and Koompassia malaccensis) and non-

native species Acacia crassicarpa. (Reprinted, with permission, from Paper III © 2022 

Authors). 
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3.2.2 Water uptake and growth 

The average daily SRIs of native species: 2.72, 2.21, and 2.30 µm/day for C. 

arborescens, S. uliginosa Foxw, and T. glabra, respectively (Fig. 19). These were 

up to half the SRIs of non-native A. crassicarpa, which were 4.62 and 3.91 µm/day 

for 53-cm and 62-cm DBH, respectively, and the differences with SRIs of native 

species were significant (t-test p-values <0.05). Except for the SRI of S. uliginosa 

Foxw, the daily SRIs of other species had a weak-to-moderate inverse linear 

relationship with daily Js (R2 0.09–0.33; Fig. 19 center). C. arborescens maintained 

inverse linear relationship (R2 0.21) when daily Js and SRIs were accumulated into 

weekly data while other species lost that inverse linear relationship (R2 <0.02). 

However, the relationship between SRIs and WTD classes varied based on the 

species (Fig. 19 right). The SRI of native C. arborescens was significantly higher 

in shallow WTD (p-value <0.05) while SRI of two other native species, S. uliginosa 

Foxw and T. glabra, did not change significantly across different WTD classes (p-

values >0.05). Both non-native species of A. crassicarpa shows lower SRI in 

shallow WTD, and the difference with SRIs in transitional WTD were significant 

(p-values <0.05).       
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Fig. 19.  (left) Sap-flux velocity (Js), stem radial increment (SRI), and water-table depth 

(WTD), (center) SRI versus Js, and (right) SRI versus WTD classes: deep(D), transitional 

(T), and shallow (S). (Reprinted, with permission, from Paper III © 2022 Authors).  
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3.3 Forest change on Padang Island (Paper IV) 

3.3.1 Estimation of above-ground biomass 

AGB was estimated from field plots, referred to as field-based AGB, and ranged 

from 79.22–484.33 Mg ha-1. The best regression model for estimating ALS AGB 

(Fig. 20) from field based AGB was a multivariate model with quadratics of both 

ALS CHM 80 and ALS density 15 as predictors. This multivariate quadratic model 

had considerably lower RMSE (49.04 Mg ha-1) with a relatively simpler formula 

compared to other models (Table 2 in Paper IV). High ALS AGB on Padang Island 

was mainly within the forest (Fig. 20b). However, the range of AGB within the 

forest was also large, where AGB in the middle of the forest dropped to <100 Mg 

ha-1. The coastal zone tended to have lower ALS CHM and AGB, which were 

associated with farms and burnt/shrub. We found a good relationship between ALS 

AGB and InSAR CHM 2013 (R2 0.79, RMSE 60.17 Mg ha-1) with consistent 

sensitivity within the maximum AGB range without saturation (Fig. 6 in Paper IV). 

Fig. 20. (a) Canopy Height Model (CHM) derived from airborne laser scanning (ALS) and 

(b) the estimate of above-ground biomass (AGB). (Reprinted, with permission, from 

Paper IV © 2022 Authors).  
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3.3.2 Forest degradation and the drivers of forest disturbance 

There was an apparent change in InSAR CHM during 2000–2017 (Fig. 21). InSAR 

CHM in 2000 was mainly >25 m. By 2010, the areas with such CHM were 

shrinking, and forests with high CHM were fragmented in a few places. The spatial 

variability for high CHM in 2010 remained similar until 2013. In 2012 and 2017, 

many forests with high CHM could not be identified due to InSAR error (e.g., the 

dark rectangle in Fig. 21). There seems to be no or slow recovery in CHM loss from 

2000–2010, for example, areas with low CHM within the white rectangle remained 

low during 2010–2017. 

Fig. 21. Multi-temporal canopy height model (CHM) by InSAR from 2000-2017. Dark 

rectangles exemplify areas of CHM error in 2012 and 2017, while white rectangles 

exemplify areas with no sign of CHM recovery. (Reprinted, with permission, from Paper 

IV © 2022 Authors).    
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CHM change in 2000–2017 was dominated by CHM loss rather than CHM growth 

(Fig. 22). CHM losses, up to 30 m, were scattered across the island, while CHM 

growth was mostly within pulpwood plantations. CHM loss in 2000–2011 outside 

plantations generally overlapped with logging trails (Fig. 22 b). Up to 6,231 ha or 

82.13% of the total 7,586 ha area with CHM loss of 20–30 m in 2000–2011 were 

within 1.0 km of logging trails (Fig. 22d). CHM losses of 10–20 m and >30 m had 

similar trends. The overall average CHM change for 2000–2011 was −6.65 m (SE 

8.89 m). CHM losses in 2011–2017 were much smaller, with an average CHM 

change of −1.85 m (SE 5.54 m). Most CHM losses in 2011–2017 laid on the island’s 

periphery or in coastal zones, which were associated with farms (Fig. 22c) and 

burnt/shrub. Up to 4,729 ha, or 85.02% of the total 5,562 ha area with CHM loss 

of 10–20 m in 2011–2017 outside plantations, were within 1.0 km of farms (Fig. 

22e). Around 3,740 ha, or 88.90% from these 4,729 ha of CHM loss, overlapped 

with burnt/shrub (Fig. 22f). This illustrates how burnt/shrub dominated the area 

with CHM loss within 1 km of farms. The total CHM change for 2000-2017 was 

validated against reference CHM change for 2003–2016 (R2 0.44, RMSE 5.58 m, 

Fig. 8 in Paper IV). Using a threshold of CHM loss of 15 m, deforestation in 2000-

2011 was 19,779 ha, or 29.19% of the total 67,756 ha of forest in 2000, while forest 

degradation was 9,942 ha (14.67%). Meanwhile, deforestation in 2011–2017 was 

23,602 ha, or 43.60% of the 54,127 ha forest in 2011, and degraded forest was 7 ha 

(0.01%). Up to 16,077 ha of deforestation in 2011–2017 was within plantations. 
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Fig. 22. (a) Change of InSAR CHM (Interferometric synthetic aperture radar – canopy 

height model) from 2000–2017, (b) CHM change from 2000–2011, overlapping with 

logging trails, road, and river network, (c) CHM change from 2011–2017, overlapping 

with small-scale farms, (d) radial bar chart of areas with significant CHM loss from 2000–

2011 within a certain distance from logging trails, (e) radial bar chart of CHM loss from 

2011–2017 relative to farms. High CHM loss represents severe forest degradation and 

vice versa. (f) Pie charts of CHM loss from 2011–2017 of 10–20 m within 1 km of a farm 

or burnt/shrub. (Reprinted, with permission, from Paper IV © 2022 Authors). 
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4 Discussion 

Monitoring on Padang Island show large variation in WTD, vegetation response, 

and forest disturbance. The spatial and temporal variability in WTD across the 

island were mainly controlled by rainfall and the presence of drainage associated 

with land use/land cover. WTD tends to be deeper in and near plantation/farm. The 

response of vegetation to this temporal variability in WTD was species specific. 

Non-native species show trends of decreasing radial growth in shallow WTD. 

However, no apparent trend was found between daily WTD and daily Js regardless 

of the species. Forest disturbances detected by multi-temporal InSAR also varied 

in space and time; the main drivers of forest disturbances were changing from 

industrial-scale logging to deforestation for plantation and farming. InSAR 

delivered an AGB estimate with consistent sensitivity within the maximum range 

of AGB reported in tropical PSF. These were major improvements from AGB 

estimation by optical RS and backscatter SAR, which lost sensitivity at a lower 

AGB level and was limited in detecting large variations in forest degradation 

(Englhart et al., 2014; Morel et al., 2011; Waqar et al., 2020). 

4.1 Ecohydrological process on Padang Island (Paper II and III) 

Rainfall and drainage mainly controlled the variation in WTD. The rain-to-rise ratio 

or Sy increased in deeper layers (Fig. 14b), which can be explained by the degree 

of peat humification, which also varied with depth based on the level of peat 

decomposition and bulk density (Lampela et al., 2014). Drainage expanded the 

discharge zone to a deeper layer, leading to deep average WTD (Fig. 11), high TRC 

below the threshold of −0.4 cm (Fig. 15a), and a steep recession curve (Fig. 15b). 

Previous studies reported that the deepest WTD ranged from −0.7 to −2.0 m in 

drained peatland across Indonesia (Hooijer et al., 2012; Ishii et al., 2016; 

Mezbahuddin et al., 2015), which was much deeper than the −0.3 m depth reported 

in intact undrained tropical peatlands (Cobb & Harvey, 2019; Hooijer, 2005). Large 

drainage for A. crassicarpa plantation had more profound impact with deeper 

average WTD and steeper recession curves than smaller drainage for rubber farms.  

The vegetation response to this temporal variability in WTD did not appear to 

be straight forward. Daily WTD had weak correlation with daily Js, regardless of 

the species (Fig. 18). We assume that the contrast of Js-WTD correlation between 

native and non-native species may be more apparent when waterlogged WTD 

would have been included, which unfortunately did not occur during our 
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observation in Sd-TP station. Instead, Js was mainly controlled by VPD, PAR, and 

WS, as it was also observed in other non-peatland tropical species (e.g., Kume et 

al., 2007; Suárez et al., 2021; Zhao et al., 2016). We also did not find evidence of 

higher water consumption by non-native A. crassicarpa, as the Js of all measured 

species was mainly within an overlapping range (100–350 cm/day; Fig. 4 in Paper 

III). However, uncertainty exists, and further studies are needed (more in Section 

4.4)      

The weak day-to-day correlation between Js or WTD and SRI (Fig. 18) may 

be explained by the complex water-use-growth mechanism, carbon allocation, and 

unobserved parameters, such as tree phenology and vertical growth. This suggests 

that water uptake may not be used for immediate radial growth, as trees also use 

water for other metabolic processes, such as growth for height and fruits.  

A. crassicarpa had an inverse relationship between WTD and SRI (Fig. 19l and 

19o), indicating a lower tolerance of this non-native species to shallow WTD. Non-

native A. crassicarpa had an overall higher growth rate than native species, which 

has also been observed by Junaedi (2018).  

To our knowledge, there were very few previous studies that observed the Js 

and SRI of these native peatland species at tree level, hence, there is almost no 

literature for comparison. Studies from other species and climates show that the 

reaction sequence of environmental parameters, water uptake and growth, was not 

straightforward (Báreková et al., 2020; Ježík et al., 2011; Siegmund et al., 2016). 

Furthermore, the relation could change over time, i.e., be more apparent in certain 

years than others (Siegmund et al., 2016). In the tropics, solar radiation and 

precipitation are the main drivers of growth (Wagner et al., 2014), but in other 

climates, some Acacia species grow faster in the dry season (Winters et al., 2018). 

Our results serve as preliminary, and thus, longer monitoring and more studies with 

replicate sensors and replicate species are needed to assess the consistency of the 

relationship and interaction between environmental and vegetation parameters for 

longer periods within the same species. Sensor maintenance and safety should be a 

priority concern when conducting longer observation, particularly for remote areas 

in tropical peatlands. The complexity of water-use and the growth mechanism 

implies the need for observation of other parameters, such as vertical and fruits 

growth. For cost efficiency, the number of species can be reduced, with selection 

based on recommendation from previous studies (e.g., Graham, 2014). 
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4.2 Forest dynamics (Paper IV) 

Human settlement has existed along the coastline of Padang Island for decades, but 

intensive disturbances to the inland forest is more recent (Susanti et al., 2018). We 

observed high-intensive logging that dominated forest disturbance on the island 

prior to 2011 (Fig. 22). Logging continued after 2011 despite deceleration of the 

degradation rate. The drop in forest degradation was driven by a change from 

industrial and high-intensive logging to low-intensive logging by local settlers. 

Dense forests were substantially shrinking, leaving considerably less forest for 

logging. However, the deforestation rate after 2011 increased, mostly from forest 

conversion for A. crassicarpa plantations on the western coast. Intensive drainage 

was constructed for this plantation (Fig. 3e). Small-scale farms, which were mainly 

rubber and sago, also expanded. The slow recovery of degraded forests, as shown 

by the InSAR time series (Fig. 21), confirmed the slow regeneration of tropical PSF 

(Blackham et al., 2014). Vertical or CHM growth was only observed within the 

plantation (Fig. 22c), which was prompted by fast growing A. crassicarpa in 

intensively drained peatland. 

Forest dynamics on Padang Island represented the general situation of tropical 

PSF across SEA, where the remaining intact PSF from logging in SEA was as low 

as 6% and farming took over deforested peatlands (Miettinen et al., 2016). Another 

million ha were lost to plantation, mainly palm oil and pulpwood A. crassicarpa 

(Miettinen et al., 2016). Deforestation for plantation in Indonesia may decelerate 

because of the moratorium policy for large-scale forest conversion (Hergoualc’h et 

al., 2018). However, forest disturbance remains continuous, shifting from high-

intensive to low-intensive logging and farming. Despite the lower impact, this still 

poses a challenge to the protection of the remaining PSF. Shifting from large-scale 

deforestation to low-intensive logging, like on Padang Island, may reduce the 

emissions from the forestry sector, but degraded PSF would not match the 

ecosystem service of intact PSF in supporting biodiversity and carbon sequestration. 

Despite the economic benefits, farm expansion may also be a barrier for peatland 

restoration. Therefore, protection of the remaining PSF and peatland restoration 

should take into account the changing of the drivers of forest disturbances and the 

livelihoods of local communities (further discussed in Section 4.4).     

Land clearing for farms on Padang Island heavily involved fire (Susanti et al., 

2018), a widespread practice in Indonesia (Uda et al., 2017) which can turn into 

uncontrolled fire. On a regional scale, weather anomalies, such as El Niño, were 

also the main driver of frequent large peat fires (Hoscilo, 2009; Page, Hoscilo, 
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Langner et al., 2009). Fire left a large amount of burnt peatland as abandoned waste 

land, which is typically dominated by ferns that inhibit the succession of wooden 

vegetation (Hoscilo, 2009). Hence, human intervention, such as peatland 

restoration with efficient monitoring systems, is needed. We have demonstrated 

monitoring forest disturbances on Padang Island using satellite based InSAR, 

which is applicable for regional monitoring of tropical peatlands across SEA. Such 

methods will also be useful for monitoring vegetation recovery following peatland 

restoration (further discussed in Section 4.4).  

4.3 Uncertainty 

Our study on Padang Island was seen as the pioneer, where previous studies (e.g., 

Susanti et al., 2018) on the island were rare. Hence, priorities were given to basic 

parameters such as WTD, rainfall, tree sap-flux and growth as information on these 

parameters from previous studies was almost non exist. Nevertheless, we attempted 

to cover numerous other parameters and species. Consequently, uncertainty of the 

measurement and interpretation existed, also partly due to the complexity of the 

peatland ecosystem. The main uncertainty came from measurements without 

replicate sensors, particularly for Js because of species diversity. Applying 

replicates would have reduced the number of measured species or other 

hydrological and micrometeorological parameters. Js may vary not only between 

trees within the same species (e.g., variation due to difference in DBH or root depth) 

but also within the same tree (e.g., radial variation; Bodo & Arain, 2021; Kume et 

al., 2007). However, while absolute Js may be difficult to estimate, we assume that 

the radial variation in temporal variability in Js within the same tree should be less, 

i.e., temporal change of Js within the same tree should be close to one another. Our 

Js measurement represented one point in the tree, and thus did not reflect the total 

water uptake. For future studies, the use of replicate sensors is recommended to 

minimize the bias of temporal variability, as well as to estimate total water uptake. 

This is needed to calculate the transpiration and for water-budget analysis. 

Estimation of total water uptake would also be useful for examining whether non-

native commercial species consume more water than the native species, possibly 

increasing the risk of water scarcity in the dry season.       

Other uncertainties came from data missing due to sensor failure. Padang 

Island was considerably remote, where ground access and regular maintenance 

were difficult. Local residents had limited skills in instrumentation and scientific 

measurement and were also wary of being involved in sensor maintenance. Even 
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worse, Padang Island was within a conflict zone, particularly between plantations 

and local settlers due to land tenure disputes. This conflict is rampant in Indonesia 

(Uda et al. 2017) and sensor vandalization is common and, thus, safety should be a 

top concern for future studies.  

Further uncertainties came from technical aspects, such as field measurement 

and empirical equations. AGB estimates from InSAR or ALS (Fig. 20) had 

uncertainties that accumulated from errors in field-plot measurement, conversion 

to field-based AGB (Manuri et al. 2014), and bias from upscaling to ALS AGB then 

to InSAR AGB. Parameters derived from InSAR (e.g., AGB, CHM) obviously have 

lower accuracy than parameters derived from ALS. However, spaceborne InSAR 

is superior for monitoring, compensating for the lower accuracy in comparison to 

costly airborne RS, such as ALS. This accuracy issue should not be relevant for 

monitoring on a larger scale, such as on a national level. 

4.4 Recommendation for restoration and peatland monitoring 

(Papers I–IV) 

Steep recession curves, deep average WTD, and slow recovery of degraded forest 

makes it clear that there is a need for human intervention through peatland 

restoration. In Indonesia, peatland restoration is comprised of three steps: 1) 

hydrological restoration, 2) revegetation, and 3) revival of the livelihood of local 

communities (Ministry of Law and Human Rights Republic of Indonesia 

[Kemenkunham], 2016). Hydrological restoration by canal or ditch blocking aims 

to retain WTD near the surface (Dohong et al., 2018), technically above the 

threshold of −0.4 m depth. On Padang Island, drainage for A. crassicarpa 

plantations (Fig. 3d and 3e) were the main driver of deep average WTD (Fig. 11). 

Intensive peatland drainage for monocultural A. crassicarpa pulpwood plantations 

does not only affect the ecosystem, through severe land subsidence and emission 

(Hooijer et al., 2012), but also risks the existence of the plantation itself. There have 

been several internal reports concerning the issue of salt-water intrusion due to land 

subsidence that damages plantations, although many of them were established just 

around 10 years ago. Plantations on peatlands in Indonesia are mainly located in 

the coastal zone, such as the one on Padang Island (Fig. 3d). 

Despite the less profound impact of farm drainage, TRC of WTD below the 

threshold of −0.4 m near rubber farms can be as high as 80% (Fig. 15a), which is 

also subject to restoration recommendation by Indonesian regulation 

(Kemenkunham, 2016). However, this would threaten the livelihoods of local 



64 

communities which rely on farming. Sago farms, which tolerate shallow WTD, 

have also been cultivated on Padang Island and serve as a better alternative for 

farming. Authorities should support the viability of the sago industry. More effort 

is needed to shift away from monoculture sago farming and the use of fire for land 

clearing. This alternative of livelihood is also needed to discourage local 

communities from ongoing forest disturbances, such as unsustainable logging. The 

slow growth of native species (Fig. 19) and slow recovery of degraded PSF (Fig. 

21) indicate the need for a better strategy for the revegetation of degraded peatlands. 

Studies have been carried out to identify pioneer species for revegetation (e.g., 

Graham 2014; Lampela et al., 2017; Mojiol et al., 2014), but more studies are 

needed, in particular to identify the environmental conditions for optimum growth 

of native species. 

Monitoring is needed to evaluate the progress of peatland restoration, i.e., 

restoration which best reestablishes near-intact peatland ecosystems and the 

recovery of ecosystem services, such as biodiversity and carbon sequestration. With 

the million ha of degraded peatlands restoration target in Indonesia (BRG, 2016), 

monitoring on the regional scale requires RS methods with large coverage and 

regular data acquisition. In the north, forested peatlands were mainly deforested to 

restore natural open peatlands (Fig. 2; Andersen et al., 2017; Similä et al., 2014), 

where monitoring of surface soil moisture by RS is possible. Soil moisture is a 

major parameter for assessing the rewetting process after hydrological restoration 

(Paper I Section 3.1.3). However, the case is the opposite in the tropics, where 

typically abandoned open peatlands are revegetated to restore PSF (Dohong et al., 

2018), hence limiting the use of RS to evaluate the hydrological restoration. 

Consequently, peatland monitoring in the tropics relies heavily on vegetation 

monitoring. Nevertheless, RS methods vary considerably following the 

specification of the sensors and flying platforms (Fig. 2). We have demonstrated 

the application of spaceborne InSAR TanDEM-X for AGB estimation with 

consistent sensitivity (Fig. 6 in Paper IV), monitoring forest disturbances (Fig. 21), 

vegetation growth (Fig. 22c), and temporal consistency (Fig. 21) over optical RS, 

which has issues with cloud cover. However, growth detection by InSAR in our 

study was only for monoculture plantation of fast growth A. crassicarpa (Fig. 22c). 

The same method may not work as well for the slower growth of diverse native 

species and, hence, other methods with higher accuracy are needed. A multi-sensor 

and multi-platform RS approach (Fig. 2; Paper IV Section 4.2) becomes inevitable.  

Among RS methods, airborne-based RS of ALS currently provides the most 

accurate vegetation-structure parameters (Englhart et al., 2013; Jubanski et al., 
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2013) but is not cost efficient for monitoring. UAS photogrammetry may be more 

viable for frequent vegetation monitoring on a smaller scale (McNicol et al., 2021), 

owing to their flexibility (in sensor selection, flying altitude, and acquisition 

timeline), higher accuracy, detail level, and cost efficiency in comparison to 

spaceborne InSAR and ALS. UAS photogrammetry may also be useful for detail 

monitoring in the few remaining dense or intact PSFs, such as for identification of 

very-low intensive logging. We lacked the time series of very high-resolution 

datasets of very-low intensive logging to examine the ability of spaceborne InSAR 

in detecting such logging on Padang Island, making future studies needed. In short, 

multi-platform and multi-sensor RS methods, e.g., the integration of spaceborne 

InSAR and UAS-based RS, are recommended for cost-efficient monitoring of 

forest disturbance and peatland restoration in SEA.                 
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5 Conclusion 

We carried out a multi-disciplinary study on Padang Island, where we monitored 

the environmental parameters of hydrology (WTD, rainfall), micrometeorology 

(PAR, air temperature, windspeed, humidity), and vegetation (Js and SRI) of four 

native and one non-native species, as well as monitoring the forest disturbances in 

2000–2017 using time-series spaceborne InSAR. Forest disturbances were 

dominated by industrial and high-intensive logging prior to 2011, and then shifted 

to low intensive logging and forest conversion after this time. The forest 

degradation rate dropped, but deforestation rates increased after 2011. 

Deforestation in 2011–2017 was mostly caused by forest conversion to  

A. crassicarpa pulpwood plantation, in which intensive drainage was constructed, 

and small-scale farms, such as rubber farms. This drainage led to high spatial and 

temporal variability in WTD in the island. TRC of WTD below the threshold of 

−0.4 m near rubber farms can be as high as 80%, while WTD near plantation 

drainage can drop to a −1.8 m depth. The vegetation response to temporal 

variability in WTD was not straightforward. Correlation between daily WTD and 

daily Js was weak, regardless of the species. Non-native species of A. crassicarpa 

had lower SRI rates in shallow WTD, while native species did not show the same 

trend. Extreme changes in hydrological dynamics (deep WTD, steep recession 

curves after rainfall, high TRC below the threshold of −0.4 cm), slow growth of 

native species, and slow recovery of degraded PSF show the importance of peatland 

restoration. Despite tolerance of native species to shallow WTD, their radial growth 

is considerably low, up to half of radial growth of non-native A. crassicarpa. Hence, 

future studies to assess the environmental condition for optimum growth of native 

species are needed, partly to boost the vegetation recovery of native PSF following 

the hydrological restoration. Longer monitoring that includes waterlogged WTD 

with replicate sensors and replicate species is recommended to examine the 

consistency of vegetation response to changing WTD. Alternative sustainable 

farming without the need for peatland drainage, such as sago, is needed to sustain 

the livelihoods of local communities as well as to discourage them from 

unsustainable logging and to support restoration, which can be monitored by 

spaceborne InSAR.     
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