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ABSTRACT

Ecohydrological studies in tropical peatland have mostly focused on a small number of non-native commercial
species. However, studies of native species are urgently needed as they are considered to be a possible solution in
the restoration of millions of hectares of degraded tropical peatlands. We investigated peatland species on
Padang Island, Indonesia, to assess their responses to changing environmental factors, particularly the high
fluctuation of the water table due to intensive peatland draining. We monitored the sap-flux velocity and radial
growth of six trees (four native and one non-native peatland species) in high temporal resolution using sap-flux
meters and dendrometers up to seven months. Monitoring also included hydrological and micrometeorological
parameters. We found that sap-flux velocity in the monitored species was mainly controlled by air vapor pressure
deficits, photosynthetic active radiation, and to some extent, by wind speed and water-table depth. We also
observed a species-specific correlation between daily sap-flux velocity and daily radial growth. Non-native Acacia
crassicarpa had up to twice the radial growth of native species. This growth of non-native species was signifi-
cantly higher at a shallow water-table depth, while native species did not show the same relationship. The
interaction between water-table depth, sap-flux velocity, and radial growth in daily timescale was not

straightforward, presumably because of the complex carbon-allocation mechanism in trees.

1. Introduction

In recent decades, millions of hectares (ha) of tropical peatlands have
been converted into commercial plantations for a small number of
monoculture non-native species (Miettinen et al., 2016). Palm oil and
pulpwood are the two major non-native commercial species that
currently dominate industrial-scale plantations on tropical peatlands,
while rubber is another major non-native species but mostly appears on
small-scale farms. Because of the poor tolerance of these species to
waterlogged soil, tropical peatlands were intensively drained. This
peatland draining has led to surface subsidence and severe land degra-
dation (Hooijer et al., 2012; Mishra et al., 2021; Wijedasa et al., 2017).
The cultivation of non-native species has also led to other disastrous
impacts, such as water scarcity (Merten et al., 2016; Taufik et al., 2020),
floods (Sumarga et al., 2016; Wijedasa et al., 2017), and immense car-
bon emissions (Hooijer et al., 2012; Jauhiainen et al., 2012). Pulpwood
plantations occupied 2.5 million ha of land areas in Indonesia, up to half
of these on peatlands (Kuru and Wood, 2018). Among the few pulpwood
species in the tropic, Acacia crassicarpa is the only species that grows in
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drained peatlands (Laurén et al., 2021; Martins et al., 2020). It is a
fast-growing (Laurén et al., 2021; Mendham and White, 2019) and
light-demanding species yet survives in low-fertility and high-acidity
lands (Otsamo et al., 1999; Suhartati et al., 2013). There is a concern
that A. crassicarpa also consumes more water, leading to water scarcity
in drought season. Similar to Acacia mangium (Jambul et al., 2020), the
other tropical pulpwood species (Mendham and White, 2019),
A. crassicarpa may also be an invasive species (Mawazin and Octavia,
2019) and outcompete local species.

Tropical peatlands are the most effective terrestrial carbon sink when
undisturbed (Page et al., 2011), where there is high biodiversity of
native species (Giesen and Page, 2016). Native species display adaptive
characteristic to waterlogged tropical peatlands such as stilt roots,
extensive buttresses, pneumatophores, or sclerophyllous leaves (Gra-
ham, 2014; Osaki and Tsuji, 2015; Ripin et al., 2017; Tata et al., 2021).
Seedlings grow on the hummock where the peat is relatively dry (Page
and Rieley, 2018). Tropical peatlands are low in nutrients, where trees
are stunted and grow slower than trees on mineral soil (Junaedi, 2018;
Page and Rieley, 2018; Worbes et al., 2017). In general, tree-stand
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Fig. 1. (a) Indonesian archipelago with the Sumatra mainland in the west and (b) Padang Island in the east of the Riau province of the Sumatra mainland. (¢) Padang
Island with the drainage network and (d) the monitoring station in the northern part of the island, (e) equipped with multiple sensors for hydrological and

micrometeorological parameters, (f and g) as well as sap-flux and dendrometers.

structures vary based on peat depth, shifting from tall and closed-canopy
forests in shallow peat near rivers to open-canopy pole forests away from
the river, where the peat layer tends to be thicker and nutrient levels are
even lower (Kuniyasu and Tetsuya, 2002; Osaki and Tsuji, 2015; Page
and Rieley, 2018). The Dipterocarpaceae family is the most dominant
family in Southeast Asia (Blackham et al., 2014; Mirmanto, 2010; Ripin
et al., 2017). Giesen & Page (2016) identified many peatland species,
with over hundred species categorized as opportunistic pioneers (i.e.,
having distinct strategies to cope with unfavorable environment for
resource competition to optimize growth) or secondary forest species.
Natural forest regeneration of degraded tropical peatlands is slow
(Hoscilo, 2009); some species are less adaptable to degraded peatlands

(Blackham et al., 2014). Several native species are already endangered
due to intensive forest disturbances and slow regeneration (Kalima
et al., 2020).

To mitigate the damage of peatland degradation, ecosystem resto-
ration is urgently needed (Dohong et al., 2018; Yuwati et al., 2021).
Indonesia alone aims to restore over two million ha of degraded peat-
lands across the country (BRG [Peatland Restoration Agency] 2016).
While traditional plantations need intensive drainage (Hooijer et al.,
2012), the native species of tropical peatlands that can grow at a shallow
water-table depth (WTD) offer an option to support restoration initia-
tives and the more sustainable use of peatland resources and areas
(Blackham et al., 2014). Cratoxylum arborescens and Shorea uliginosa
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Fig. 2. Hydrological and micrometeorological parameters of (a) water-table depth (WTD) and rainfall, (b) classification of WTD into deep, transitional, and shallow,
(c) relative humidity (rH) and air temperature (aT), (d) Photosynthetic Active Radiation (PAR) and windspeed (WS). Darker backgrounds represent overlapping
timelines. (e) diurnal variation (mean and standard deviation) in sap-flux velocity and dendrometer reading for Cratoxylum arborescens.

Foxw which belong to Dipterocarpaceae family are some of the few native
species to be widely recommended for restoration (Rochmayanto et al.,
2021; Suwito et al., 2021). However, due to their lower economic value
(Tata et al., 2021), ecohydrological studies on native species are limited,
hence our understanding of native species and the interaction with
peatland ecosystem is poor. Ecohydrological studies in the tropics have
predominantly been conducted on commercial species, such as oil palm
(Hardanto et al., 2017; Meijide et al., 2017; Roll et al., 2015), pulpwood
(Hardie et al., 2018; Martins et al., 2020; Mendham and White, 2019),
and rubber (Giambelluca et al., 2016; Hardanto et al., 2017).

Contrary to what is commonly believed, Worbes et al., (2017) found
that some native species of tropical peatlands do develop tree rings; they
argue that the formation is related to the seasonality of rain and drought.
This indicates a connection between water availability and the growth in
tropical peatlands as has been observed in other ecosystems (Barekova
et al., 2020; Sheil, 2003). Spannl et al., 2016 found that the growing
season in the tropic is consistent during the rainy season, while Raf-
felsbauer et al., (2019) observed that prolonged dry days could induce
stem shrinkage, in which the shrinkage intensity and the stem recovery
time are species specific. Few ecohydrological studies have been con-
ducted for native peatland species to understand how these species
respond to changing environmental factors (e.g., Graham, 2014;
Junaedi, 2018; Lampela et al., 2017; Tata et al., 2021). (Graham, 2014;
Tata et al., 2021) observed that native peatland species grow best at
different light intensities, while (Graham, 2014; Hirano et al., 2015)
argued that drawdown of WTD can induce plant water stress.

Past studies have mostly been carried out on the species seedling
(Lampela et al., 2017) or conducted as simulation studies (Graham,

2014; Tata et al., 2021), while studies at a tree-stand level on native
species are rare (e.g., Junaedi, 2018). Therefore, we carried on ecohy-
drological monitoring on standing trees of several native species on
Padang Island, Sumatra, Indonesia. One non-native species was also
selected for comparison. Monitoring included two physiological vege-
tation parameters: sap-flux velocity and radial growth. Sap-flux velocity
is an indicator for water uptake/transpiration while growth monitoring
is important for understanding the tree’s response to environmental
factors (Drew and Downes, 2009; Siegmund et al., 2016). Studies that
investigate both parameters (sap-flux velocity and growth) and their
connection have mostly been carried out in non-peatland ecosystems (e.
g., Barekova et al., 2020; Deslauriers et al., 2007; Heinrich et al., 2018;
McLaughlin et al., 2003; Winters et al., 2018). Our study aims to
improve the understanding of species native to tropical peatland in
response to the changing environmental conditions, particularly the
high fluctuation of WTD that is caused by intensive peatland draining. In
this study, we 1) investigated the influence of hydrological (WTD) and
micrometeorological parameters in water uptake and growth, 2)
examined the variation in vegetation responses to WTD fluctuation
within and between species, and 3) assessed whether non-native
A. crassicarpa outperforms the native species in higher water uptake
and growth.

2. Materials and methods
2.1. Study area

Padang Island (N 1.16 E 102.35) is situated on the east coast of the
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Timeline monitoring for hydrological (rainfall and water-table depth/WTD), micrometeorological (relative humidity/rH, air temperature/aT, Photosynthetic Active

Radiation /PAR, and wind speed/WS), and vegetation parameters.

Parameter Timeline Species Timeline
Sap flux Dendrometer

Rainfall 20.08.2017 - 26.03.2018 C. arborescens 06.04.2017 - 16.05.2018 03.06.2017 - 04.08.2017
WTD 01.05.2017 - 26.03.2018 S. uliginosa foxw 06.04.2017-03.07.2018 09.06.2017 - 05.09.2017
tH 08.04.2017 - 29.11.2017 K. malaccensis 06.04.2017-16.05.2018 -

aT 08.04.2017 - 29.11.2017 T. glabra 06.04.2017-23.06.2017 01.07.2017 - 07.09.2017
PAR 10.04.2017 - 22.10.2017 A. crassicarpa 53 08.04.2017-18.08.2017 07.04.2017 - 15.06.2017
WS 10.04.2017 - 22.10.2017 A. crassicarpa 62 08.04.2017-22.09.2017 07.04.2017 - 26.05.2017

Riau province in Sumatra (Fig. 1). It lies close to the equator, where
daylight remains constant the year around, from 6:00 to 18:00, with an
average air temperature of 28 °C and annual rainfall ranging
1000-3000 mm. The island is slightly over 100,000 ha in size, covered
by raised peatlands up to 10 m in thickness in the center. Commercial
pulpwood plantations of A. crassicarpa with intensive drainage cover

about a third of the island, mainly on the western coast (Fig. 1c).
Another third is covered by degraded peat swamp forest, while the rest
of the island is occupied with settlements and small-scale farms, mainly
rubber and sago. Non-native rubber crops require drainage but are much
less intensive than typical drainage for pulpwood plantation. The
drainage for plantations and farms has changed the island’s hydrology,
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Fig. 3. flowchart for data analysis. Hydrological and micrometeorological parameters were fed into path analysis as explanatory variables for temporal variability in
sap-flux velocity. Water-table depth (WTD) classes and sap-flux velocity were used to explain the temporal variability in radial growth.
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where WTD varies across different land use and drainage intensity
(Ismail et al., 2021). Sago farms do not require drainage as sago is a
wetland species that is tolerant to shallow WTD. In the past, the island
has suffered from peat fires, mainly caused by land-clearing practices
(Susanti et al., 2018).

2.2. Measurement of vegetation, hydrological, and micrometeorological
parameters

A monitoring station was installed in the north of the island (Fig. 1c)
at approximately 10 m from a plantation’s outlet drainage (Fig. 1d). The
peat depth at this monitoring station was >7 m. The WTD near the
drainage fluctuated from a —0.5 m depth to deeper than —1.8 m (Ismail
etal., 2021). The monitoring station was equipped with multiple sensors
for vegetation, hydrology, and micrometeorological parameters
(Fig. le). Six nearby trees were selected for vegetation monitoring,
based mainly on species recommendations for restoration (Alimah 2014;
Graham, 2014; Rochmayanto et al., 2021; Suwito et al., 2021; Tata
et al., 2021; Yulianti et al., 2010). Four of the six trees were native
species Cratoxylum arborescens (Geronggong), Shorea uliginosa Foxw
(Meranti Bakau), Tetramerista glabra (Punak), and Koompassia mala-
ccensis (Kempas). Sap-flux sensors (at 5-cm depth) and dendrometers
were installed for each native species (Fig. 1f), with the stem diameter at
breast height (DBH) and height estimates were 27 cm and 13 m, 73 cm
and 17 m, 80 cm and 19 m, and 103 cm and 23 m for C. arborescens, S.
uliginosa Foxw, T. glabra, and K. malaccensis, respectively. This variation
in DBH, nevertheless, was inevitable for this location, particularly for
C. arborescens as the only other tree in this species with a closer DBH was
far from the monitoring station. Native species were all evergreen with
broad leaves, and in each case the main stem appeared tall and straight,
having few branches at height of 5 m. Sap-flux sensors and dendrometers
were also installed for each of two stands Acacia crassicarpa individual
trees, having a DBH of 53 cm with 21 m height, and 62 cm with 23 m
height (Fig. 1g). In contrast to native species, both stands of evergreen
A. crassicarpa had many small branches along the main stem with
smaller leaves, and thus appeared greener with denser canopy than
native species. All native and non-native species are wild trees at the
edge of the severely degraded natural forest. We used homemade
sap-flux meter, thermal dissipation method, following the instruction of
Davis et al., (2012), and DC Ecomatik Circumference Dendrometers (ICT
international) with CR1000 datalogger (Campbell Scientific). Other
sensors were also installed for WTD (OEM HC-801 submersible pressure
level transducer, Diwi Taiwan, set inside a perforated tube buried un-
derneath), rainfall (tipping bucket rain gage), wind speed, air temper-
ature, Photosynthetic Active Radiation, and relative humidity. Sensors
for micrometeorological parameters were bundled sensors assembled for
weather stations (MISOL Electric, China). Monitoring began in April
2017 (Fig. 2 and Table 1), and sensors were set to record measurements
every 20 min. However, due to sensor failure and vandalism, monitoring
only lasted couple of months, and thus data availability varied between
sensors (Table 1).

2.3. Data analysis

A brief overview of data analysis is presented in Fig. 3. Data records
from hydrological and micrometeorological sensors were converted to
standard units: m for WTD, mm/day for rainfall, °C for air temperature
(aT), % for relative humidity (rH), kW/m? for photosynthetic active
radiation (PAR), and m/s for wind speed (WS). Vapor pressure deficit
(VPD) in kPa was calculated from aT and rH as follows (Zhao et al.,
2016):

17.502 aT
VPD = 0.611 exp(m) (1—rH). (@D)]

Sap-flux velocity (Js) in m3/m? /sec was calculated as (Davis et al.,
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2012):

(2)

1.231
J, = 0.000119 <M> ,

AT

where AT was temperature difference in the heater and reference probe,
while ATy was the maximum daily value of AT that represent zero sap
flux. Js was later resampled hourly and then summed up to get the daily
velocity in cm/day. A rough estimate of daily water uptake is obtained
by multiplying Js with the sapwood area, derived using an allometric
equation developed for tropical species by Meinzer et al., (2001).
Meinzer et al., (2001) found that variation in DBH explains up to 98% of
the variation in sapwood area. The dendrometer reading (Dm) of stem
girth was converted into a radial measurement by dividing girth by 2z
(Vieira et al., 2013) then adjusted to start at the baseline 0 pm. Daily
radial growth as SRI (stem radial increment) was calculated from the
daily accumulation of GRO (stem growth) at point t during the day by
the Zero-Growth approach developed by Zweifel et al., (2016), using the
following equation:

Dm, — max(Dm.,) Dm, > max(Dm.,)

0 Dm, < max(Dm.) "’ ®

GRO, = {

where Dm, is the dendrometer reading at time t while max(Dm ) is the
precedent maximum Dm. By the Zero-Growth approach, GRO becomes
size-irrelevant (hence set as 0) when stem is shrinking or expanding but
below the precedent maximum Dm.

We used various regression analyses, including 1) multivariate
regression, 2) partial-correlation analysis, 3) path analysis, and 4) GAM
(generalized additive model) to examine the explanatory variables for
Js, as well as the interaction between explanatory variables. Explanatory
variables were the daylight average of VPD, PAR, WS, and WTD. Pa-
rameters of aT and rH were already represented by VPD, while rainfall
was represented by WTD. Multivariate regressions were used to identify
significant predictors, while partial-correlation analysis was used to
confirm the influence of each significant predictor, particularly for PAR
and VPD, known to strongly correlate with one another (Siegmund
et al., 2016). The interaction between explanatory variables and their
indirect effect through mediator variables was examined using path
analysis (Chen et al., 2020) since environmental parameters such as
weather variables also correlated with one another to some extent
(O’Brien et al., 2004). The models for path analysis were developed by
identifying possible interactions between explanatory variables from
current understandings of plant-environment interaction (Chen et al.,
2020). WTD, PAR, and WS were set as the exogenous variables with VPD
and Js as the endogenous variables. In particular, VPD was a mediator
which may be influenced by WTD (i.e., deep WTD may drive drier
relative air humidity), PAR, and WS.

Previous studies have found that VPD and PAR have a very strong
influence on Js (Kume et al., 2007; Suarez et al., 2021; Zhao et al., 2016)
that may conceal the influence of other parameters, i.e., other explan-
atory variables appear insignificant despite being otherwise. We
extended the statistical analysis for explanatory variables, specifically
for WTD. Firstly, we extracted the residual Js from the path-analysis
model with significant predictors other than WTD. The use of residual
Js was to remove the variability in Js explained by variables other than
WTD. WTD was then classified into three classes, shallow (< —1.0 m),
transitional (—1 to —1.4 m), and deep (> —1.4 m), defined by the WTD
range during the monitoring period. We then compiled residual Js for
each WTD class and assessed the possible correlation between WTD and
residual Js. GAM was used to examine the relationship between residual
Js and actual WTD, in which such model can accommodate non-linear
relationships such as quadratic and polynomial (Duursma et al.,
2011). To avoid overfitting (i.e., fitting the noise) by GAM, the function
base was limited to 3. The influence of Js on growth or SRI was examined
using regression and path analysis. The assessment of SRI for each WTD
class was also carried out to determine the growth response of species to
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Fig. 4. Sap-flux velocity (Js) and adjusted dendrometer reading (Dm) of native species (a) Cratoxylum arborescens, (b) Shorea uliginosa foxw, (c) Koompassia mala-
ccensis, (d) Tetramerista glabra, and (e and f) non-native species Acacia crassicarpa with 53-cm and 62-cm diameters at breast height. Boxplots on the left represent the
range and median of Js.

changing WTD, and the significancy was examined using an unpaired 0.6-11" (Rosseel, 2012) and “lavaanPlot” (Lishinski, 2021) for path
welch t-test. All multivariate regression (e.g., path analysis, GAM) to analysis, and “mgcv” 1.8-28 (Wood, 2011) for GAM.
analyze Js were applied on each species independently, except for

T. glabra due to the short timeline monitoring in sap flux. Meanwhile, 3. Results

K. malaccensis was excluded from the growth analysis due to den-

drometer failure. However, results were interpreted on a species or 3.1. Temporal variability in hydrological, micrometeorological, and
species-group basis, i.e., native versus non-native species. Data analyses vegetation parameters

were carried out using R 4.1 software (R Core Team, 2022) with pack-

ages “ppcor” (Kim, 2015) for partial-correlation analysis, “Lavaan The WTD at the monitoring station ranged from —0.5 to —1.8 m



Ismail et al.

Agricultural and Forest Meteorology 331 (2023) 109338

(a) (b)
600 C. arborescens /'/ — observedJs —— simulated Js — 600
. X0 |
400 R | N A | — 400
B o } N f
Js N ‘ | i1
(cm/day) "‘ ‘ ’ ‘ \
200— 1 | ‘ — 200
Y v
0 — - R%:0.59 -
T T T T T T T T T T T T T
0 5 VPD (kPa) Apr May Jun Jul Aug Sep Oct
(c) (d) (e) ()
600 o S. uliginosa Fexw //, C. arborescéns o S. uliginosa Foxw O A. crassicarpa 62 — 600
* K. malaccensig 4 pa g . ’ * K malacceﬁsis ,: , ¢ A. crassicarpa 53
%7 v s 7 (] P
a8 /@ B0 - —
B e i " 400
Js 04 NPV 22
(cm/day) i e, By 27
$ o e
200 — 1 7 s A - 5 0gaeq — 200
A . g a
» R?:0.62 y SN ,,;%jj‘- TR2.0.34
0 - b R?:0.66 | . R?:0.58 7% o R%:051] 0
[ [ I I [ I
2 2 2
0 > VPD (kPa) 0 5 10 PAR(KW/m®) 0 5 10 PAR(KW/m®) 0 5 10 PAR(KW/m®)
()] (h) 0] 0
600 0 A. crassicarpa 62 ] C. arborestcens o S. uliginosa Foxw O A. crassicarpa 62 — 600
« A. crassicarpa 53 ? °q * K. malaccensis * A. crassicarpa 53
400 — o Ei ° - — 400
Feo LS R0 R?:0.21
SO 2" L 2.
PO [R7:0.09 ~o R*:0.27
. gl T : - 200
o AL IR ¢ o3~
%L
0 5 By . 0% =~
] [ - 4 O
[ [ | [
0 2 4 1.5 2.0 1.5 2.0
VPD (kPa) WS (m/s) WS (m/s) WS (m/s)

Fig. 5. Sap-flux velocity (Js) versus vapor pressure deficit (VPD) of (a) native species Cratoxylum arborescens, (c) Shorea uliginosa Foxw and Koompassia malaccensis,
and (g) non-native Acacia crassicarpa with 62-cm and 53-cm diameters breast height. (b) Time series of observed and simulated Js of C. arborescens by multivariate
regression. Photosynthesis active radiation (PAR) versus Js for (d) C. arborescens, (e) S. uliginosa Foxw and K. malaccensis, and (f) A. crassicarpa 62 and 53. Wind speed
(WS) versus Js for (h), (i) S. uliginosa Foxw and K. malaccensis, and (j) A. crassicarpa 62 and 53.

below the surface (Fig. 2a). This temporal change in WTD was mainly
controlled by rainfall (0-20 mm/day), as WTD rose in response to each
rainfall event. Unfortunately, due to a power issue with the solar panel,
the rain gage was inoperable during May-August 2017, which was the
main period of Js-SRI measurement. However, rainfall events can be
predicted using a hydrograph of WTD (Fig. 2a). There were only a few
sudden rises in WTD during May-June 2017 and September-October
2017, while WTD decreased consistently in June-August 2017 which
indicates a drier season during Js-SRI measurement (see Ismail et al.,
(2021) for details on this hydrological process). The air temperature
(aT), and relative humidity (rH) fluctuated greatly (Fig. 2c) with ranges
25-35 °C, and 80-100%, respectively. The daily average PAR and wind
speed (WS) also fluctuated considerably (Fig. 2¢), 5-15 kW,/m? for PAR
and 1.5-2.0 m/s for WS. The diurnal Js occurred mainly during the
daylight and reached a peak just after midday, during hour 12:00
(Fig. 2e). The daily Js had high temporal variability within species
(Fig. 4), with Js fluctuating mainly within 50-350 cm/day, with a
maximum of up to 600 cm/day. However, temporal variability in Js
between species appear similar. Rough estimates of daily range water
uptake in overall measurement and cumulative water uptake (Apri-
l-August 2017 when measurement of all species overlapped) were

90-200 Kg/day and 18 x 103 kg (C. arborescens), 385-816 Kg/day and
79 x 103 Kg (S. uliginosa Foxw), 750-1 674 Kg/day and 156 x 10° Kg
(K. malaccensis), 211-387 Kg/day and 35 x 10° Kg (A. crassicarpa 53),
and 407-483 Kg/day and 48 x 10°Kg (A. crassicarpa 62). Overall, native
species had higher daily cumulative water uptake than non-native spe-
cies except for C. arborescens which had the smallest DBH. The Dm of all
species generally show a steady increase, accumulating up to 300 um
radial growth within two months. Nevertheless, Dm had diurnal varia-
tion as stem was shrinking in the early morning before expanding again
after midday and reached a maximum just after midnight (Fig. 2e).

3.2. Environmental parameters as explanatory variables for sap-flux
velocity

Multivariate regression with four environmental parameters (WTD,
VPD, PAR, and WS) used as explanatory variables, suggests that VPD,
PAR, and WS were the main significant predictors on Js for most of the
measured species (Fig. 5). Js had strong positive linear correlations with
VPD (R? 0.25-0.62; Fig. 5a, 5c, and 5g) and with PAR (R? 0.34-0.59;
Fig. 5d, 5e, and 5f), but a weak inverse linear correlation with WS (R?
0.09-0.27; Fig. 5h, 5i, and 5j). PAR strongly correlated with aT and rH,
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Fig. 6. 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 a mediator to explain
) Radial growth the variability in Js and SRI (stem radial incre-

Ca. 0.38* A53-0.44**
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Wind speed
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Table 2

(SRI) ment) for native species Cratoxylum arborescens
(ca), Shorea uliginosa Foxw (Suf), Koompassia
malaccensis (Km), Tetramerista glabra (Tg), and
non-native species Acacia crassicarpa having 53
and 62-cm DBH (A53 and A62). The asterisks
represent the significance of PCs (path co-
efficients), while - shows no significance. All
non-significant arrows have been removed.

Ca. -0.39*
Suf. -

Ab53 -
A62 0.24*

Standardized total effect of Photosynthetic Active Radiation (PAR), wind speed (WS), and vapor pressure deficit (VPD) on sap-flux velocity (Js) for each species.

Parameters C. arborescens S. uliginosa foxw K. malaccensis A. crassicarpa 53 A. crassicarpa 62
PAR 0.40* 0.31* 0.29* 0.40* 0.34*

WS —-0.08 —0.09* —0.06 —0.23* —0.23*

VPD 0.50* 0.58* 0.63* 0.17* 0.27*

R? 0.70 0.74 0.74 0.39 0.59

as did VPD. However, their individual effect of PAR and VPD on Js
remained. Partial-correlation analysis with PAR and VPD as explanatory
variables for Js indicated a significant correlation between Js and PAR if
the effect of VPD was excluded (partial correlation estimates 0.30-0.45,
p_values <0.05), and vice versa (partial correlation estimates 0.25-0.64,
p_values <0.05, see Table 4 in Appendix I). Meanwhile, WS and WTD had
no significant correlation with either PAR or VPD. Path analyses (Fig. 6
and Table 2) supported the results from multivariate regression and
partial correlation analysis, in which VPD, PAR, and WS were the main
significant predictors (p_values <0.05). PAR had an indirect effect to Js
through VPD as a mediator, with total indirect and direct effect ranging
from 0.53 to 0.76. Standardized path coefficients (PCs) of VPD-Js for
native species were much higher (0.50-0.63) than coefficients for non-
native species (0.17-0.27). WS was only significant (p_values <0.05)
for S. uliginosa Foxw and A. crassicarpa and was not significant for
C. arborescens and K. malaccensis (the p_values were 0.09 and 0.07,
slightly above the threshold). WS had no indirect effect on Js through
VPD, and neither correlated with PAR nor WTD. WTD, the parameter of
interest, was neither a significant predictor of Js (p_values >0.05) for any
species, nor had any correlation with any other environmental param-
eters (PAR, VPD, and WS). All three significant environmental param-
eters (PAR, VPD, and WS) explained the 39-74% variation in Js.
Although WTD was not a significant predictor for Js based on the
path analysis, visual observation shows there was a tendency towards
correlation between residual Js and WTD (Fig. 7). Residual Js tended to
increase during transitional WTD (—1.0 to —1.4 m) for all native and
non-native species. The connection between residual Js and WTD classes
appears non-linear, e.g., residual Js was slightly lower when WTD was
shallow or deep (Fig. 7 right). Despite this tendency, the ranges of re-
sidual Js for these 3 WTD classes mostly overlapped. The deviance
explained by the GAM quadratic model in residual Js was <10% (Fig. 7
right panels), with the lowest score belonging to C. arborescens
(Figure not shown). There seems to be no difference between native and

non-native species in WTD-Js interaction other than non-native species
having slightly higher deviance explained than native species.

3.3. Environmental parameters, sap-flux velocity, and growth

The daily average SRI for native species were quite similar: 2.73 (SD
0.95), 2.28 (SD 1.92), and 2.38 (SD 3.87) um/day for C. arborescens, S.
uliginosa Foxw, and T. glabra respectively (Fig. 8). By contrast, the daily
average SRI for non-native A. crassicarpa was 4.72 (SD 2.81) and 3.80
(SD 1.80) um/day for 53-cm and 62-cm DBH, respectively (Fig. 8c),
about twice the SRI of native species. This difference in SRI between
native and non-native species was significant (t-test p_value <0.05). Path
analysis shows that significant predictors of SRI vary between species
(Fig. 6, Table 3) with a wide range of explained variance ®? =
0.08-0.42). The effect of VPD was only significant for S. uliginosa Foxw
(PC0.45) and T. glabra (PC —0.28), while WS and PAR had no significant
effects for any species. WID is a significant predictor of SRI for native
C. arborescens (PC 0.38) and both non-native A. crassicarpa 53 and 62
(PCs —0.44 and —0.25 respectively). It is worth bearing in mind that the
intensity of PCs of different environmental parameters are only com-
parable within the same species. However, the sign of PCs (4/-) repre-
sent whether correlation is positive linear or inverse linear. For example,
while WTD had a positive linear correlation with SRI of C. arborescens,
the corresponding correlations for both non-native A. crassicarpa 53 and
62 were inverse linear. This suggests that the WTD-SRI interaction was
species specific (Fig. 8 right). Among native species, C. arborescens
showed a linear WTD-SRI relationship as SRI tended to increase over
shallow WTD (t-test p value <0.05), while no relationship was observed
for S. uliginosa Foxw, and T. glabra (t-test p_value >0.05). Overall, native
species did not show a drop in SRI over shallow WTD. Non-native
A. crassicarpa at both DBHs (53 cm and 62 cm) shows an inverse rela-
tionship because the SRI tends to be lower when WTD was shallow (t-test
p_values <0.05). This is different to the native species.
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Fig. 7. (left) Residual sap-flux velocity (Js) versus water-table depth (WTD) classes and (right) the GAM quadratic model between residual Js and WTD for native
species (Shorea uliginosa Foxw and Koompassia malaccensis) and non-native species Acacia crassicarpa.
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Fig. 8. (left) sap-flux velocity (Js), stem radial increment (SRI), and water table depth (WTD), (center) 5-day cumulative SRI versus 5-day cumulative Js, and (right)

SRI versus WTD classes: deep(D), transitional (T), and shallow (S).

On the other hand, Js was only significant for C. arborescens and
A. crassicarpa 62, and both PCs, —0.39 and 0.24 respectively, also show
opposite correlation. However, in comparison to A. crassicarpa 62, Js
was not significant for A. crassicarpa 53 which indicates variation within
species. A. crassicarpa 53 seemed to be more sensitive to WTD than
A. crassicarpa 62 which may be prompted by its lower DBH. Overall, Js
tends to have an inverse linear correlation with the SRI of native species
(PCs —0.39 and —0.08), but positive linear correlation with the SRI of
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non-native species (PCs 0.23 and 0.24, Table 3). Nevertheless, the cor-
relation of 5-day cumulative Js and SRI tend to be positive linear, except
for C. arborescens, which kept the inverse linear correlation (Fig. 8
center).
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Table 3
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Standardized total effect of sap-flux velocity (Js), Water-table depth (WTD), Photosynthetic Active Radiation (PAR), wind speed (WS), and vapor pressure deficit (VPD)

on stem radial increment (SRI) for each species.

Parameters C. arborescens S. uliginosa foxw T. glabra A. crassicarpa 53 A. crassicarpa 62
Js —0.39* —0.08 0.23 0.24*

WTD 0.38* —-0.12 0.02 —0.44* —0.25%

PAR —0.09 —-0.35 —-0.24 —-0.23 —-0.11

WS —0.01 —-0.14 —0.05 —-0.06 0.21

VPD 0.27 0.45* —0.28* 0.14 0.18

R? 0.42 0.13 0.08 0.24 0.20

4. Discussion

4.1. Impact of environmental parameters on sap-flux velocity/water
uptake

In our study, the native species generally had higher Js and cumu-
lative water uptake than the non-native A. crassicarpa. This does not
support the current assumption of high water uptake by A. crassicarpa.
However, more studies are needed to examine this hypothesis. The
comparison of water uptake between native and non-native species can
be different in stand level over a longer period, e.g., plantation versus
forest. Our Js or daily water uptake were substantially higher than some
estimates reported in tropical forest (e.g., Hardanto et al., 2017; Horna
et al., 2011) but were close to estimates reported by (Davis et al., 2012;
Zhao et al., 2016) also in tropical forest. The discrepancies can be
attributed to differences in DBHs and VPD, which profoundly impact Js
or water uptake. Zhao et al., (2016) had reported VPD measurement of
>3 kPa during the wet season, which was consistently higher than their
VPD in the dry season.

Among all the environmental parameters in our study, VPD, PAR,
and to some extent WS, had profound impacts on Js in most of the
species, while WTD explained only a small amount of variation in Js.
These results of a high impact of VPD and PAR on Js mirror those found
for other species in tropical (Kume et al., 2007; O’Brien et al., 2004;
Suarez et al., 2021; Zhao et al., 2016) and non-tropical ecosystems
(Bodo and Arain, 2021; Duursma et al., 2011; Martin et al., 2001).
Higher VPD increases the water-potential gradient between leaves and
atmosphere, prompting stomata to diffuse more water into the atmo-
sphere to balance the contrast water potential, driving more upward
movement of water from roots to leaves. Despite the significance of VPD
for Js in all species, the impact of VPD on Js was more profound in native
species than in non-native species (Fig. 6), which might be because
native species are more sensitive to certain environmental conditions.
The Js of non-native A. crassicarpa was more sensitive to PAR (PCs
0.34-0.40) than VPD (PCs 0.17-0.27), which can be attributed to their
characteristic as light-demanding species and their greater resistance to
other environmental condition. Native species show the opposite char-
acteristic, i.e., their Js is less sensitive to PAR (PCs 0.29-0.4) than to VPD
(PCs 0.50-0.63). The sensitivity of native species to light availability
varies across different species (Graham, 2014). C. arborescens is
considered as a light demanding species while K. malaccensis was clas-
sified as a general species (Graham, 2014). Currently, there is a global
trend in rising VPD, which might lead to even higher tree’s water uptake
in drained peatlands. However, there is a limit when water uptake be-
gins to level off or even begins to decrease after passing the VPD
threshold. Meanwhile, non-native species are more sensitive to WS than
native species with invers linear correlation (PC-0.23). Ma et al., (2008)
also found a negative correlation between WS and Js for Acacia mangium,
despite the correlation being insignificant. Schymanski & Or, (2016)
argued that increasing WS can lower transpiration that is attributed to
water use efficiency and higher carbon uptake under certain conditions.
In our study, non-native A. crassicarpa seemed to have efficient water
use which was indicated by higher SRI, despite their lowere lower Js
(more about Js-SRI in Section 4.2). On the other hand, we found
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non-linear quadratic but weak correlation between Js and WTD for all
species, which may explain why WTD was not a significant predictor in
the path analysis. Path analysis was simply an extension of multivariate
linear regression in which relations among variables should be linear
(Rosseel, 2012). We expect that the contrast in Js response to WTD be-
tween native and non-native species will be more visible when WTD is
near the surface or waterlogged. Miyazawa et al., (2014) observed
contrasting species responses in sap flux to groundwater table depth in a
non-peatland ecosystem. The temporal variability in Js across various
WTD in our study, however, did not reflect the species responses to
waterlogged conditions because WTD never rose above a —0.4 m depth
during measurement. Overall, the Js of native species tended to be more
sensitive to VPD, while Js of non-native species was more sensitive to
PAR and WS.

On the other hand, there are other controlling factors for Js which
were not the focus of our study, such as variation in DBH, root system, or
radial variation within the same tree. Variations in DBH and/or root
depth also influence variation in Js between and within species (Kume
et al., 2007). Trees with large DBH tend to have a wider leaf area index,
which leads to higher water demands for photosynthesis. Unfortunately,
literature surrounding root systems for peatland species is rare. Tata
et al., (2021) studied the roots of the seedlings of two native species and
reported that C. arborescens developed adventitious roots to survive
waterlogged peatland. In a typical A. crassicarpa plantation, roots can be
found over —1 m deep, although most of the roots were near the ground
surface. Sulistiyanto, (2004) reported that most of the root biomass
(74.2%) in peat swamp forest was within a depth of —0.25 m, while
WTD during our measurement was deeper all the time. Nevertheless, we
cannot find any information for the root systems of specific native spe-
cies on a standing-tree level. Furthermore, Js also varies within the same
tree, i.e., radial variation (Bodo and Arain, 2021; Poyatos et al., 2007).
Our Js measurement represents one point in the tree sapwood and does
not therefore account for radial variation. This variation in DBH/leaf
area index, root system, and radial variation within tree should be
considered when information is available.

4.2. Impact of environmental parameters, water uptake, and peatland
draining on growth

The growth rate of non-native species was found to be significantly
higher than the growth rate of native species, which could be attributed
to different carbon allocation mechanisms between species or optimi-
zation of water uptake. Sugars produced from photosynthesis are pri-
marily used for maintenance of living cells and growth of new leaves and
roots, before allocating carbon for wood growth. In peatlands, roots are
shallow but have an extensive horizontal network (Dezzeo et al., 2021).
Nutrient deficiency leads to more carbon being allocated to the root
system at the expense of shoot growth (Poorter et al., 2012), which may
lead to slower shoot growth for peatland species (Anadon-Rosell et al.,
2022). Meanwhile, growth for shoot systems is also distributed for
height/length (primary growth) and radial stem (secondary growth).
Junaedi, (2018) observed different patterns of height growth of native
and non-native peatland species which may affect radial growth.
Junaedi, (2018) reported SRI of around 2.08 cm/year for C. arborescens
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and 6 cm/year for A. crassicarpa, which were much higher than our
results (Fig. 8), presumably because their measured trees were younger
(1.5-5 years) and much smaller in DBH (<20 cm). The non-native
A. crassicarpa was shown to have constant radial growth while their
height growth substantially decreased when the species past 3 years old;
the radial and height growth of native species leveled off with smaller
drop in their growth (Junaedi, 2018). Nyadzi et al., (2002) also reported
higher growth for non-native peatland species. Other studies usually
reported growth in volume (e.g., Laurén et al., 2021). This difference in
radial growth suggests that A. crassicarpa can optimize water use for
growth, which is a typical trait of invasive species (Mawazin and
Octavia, 2019; Jelbert et al., 2019).

Nevertheless, we found inconsistent responses of SRI toward envi-
ronmental parameters on daily scale (Figs. 6 and 7). The impact of
environmental parameters appears to be more consistent for Js than for
SRI. The significant predictors and their correlation (i.e., positive or
inverse linear) with SRI varied widely between species. VPD was found
to be significant only for S. uliginosa foxw and T. glabra, although the
explained variance was very small in both cases (RZ 0.13 and 0.08,
Table 3), much smaller than the explained variance for other species. For
T. glabra, the significance of VPD may be attributed to the absence of Js
as an explanatory variable; Js was found to be a significant predictor for
C. arborescens and A. crassicarpa 62. In contrast, despite being the same
species as A. crassicarpa 62, Js was not a significant predictor for
A. crassicarpa 53. Overall, daily Js did not explain much of the variation
in daily SRI. The correlation of cumulative Js-SRI may be observed
better with a longer measurement period, as their correlation appears to
be more consistent on a 5-day basis (Fig. 8 center). However, the Zero-
Growth approach provides an alternative plausible mechanistic process
to explain the diurnal water uptake-stem growth interaction. The Zero-
Growth approach is named after the underlying assumption that no stem
growth takes place during stem shrinkage, i.e., during the day when
stem is shrinking and expanding before reaching the precedent
maximum stem radius (Zweifel et al., 2016). This shrinking is induced
by water deficit in the early morning before reversing to expands as
hysteresis response to water uptake during the day (Fig. 2e).

The response of SRI toward WTD also varied between species with
particularly contrasting behavior between non-native A. crassicarpa and
native C. arborescens. The SRI of A. crassicarpa 53 was found to be more
sensitive to WTD than the SRI of A. crassicarpa 62. However, both
A. crassicarpa 62 and A. crassicarpa 53 shows lower tolerance to shallow
WTD with lower growth. In contrast, C. arborescens had lower radial
growth in deeper WTD (Fig. 8b) which may result from a low tolerance
of the species to drought (Graham, 2014). C. arborescens is known to the
local community as a flood-resistant species. Meanwhile, S. uliginosa
Foxw and T. glabra do not show any impact of WTD on their SRI. This
WTD-SRI interaction suggests the low tolerance of A. crassicarpa to
shallow WTD, which is the primary cause of intensive drainages on
tropical peatlands where A. crassicarpa is the most dominant commercial
pulpwood species.

Previous studies have shown that the correlations between envi-
ronmental parameters, water uptake, and stem growth is not straight-
forward and varies significantly between species and ecosystem, which
may explain the inconsistency of significant variables for SRI in our
study. Hardie et al., (2018) shows that stem growth of A. mangium and
Eucalyptus pellita in tropical mineral soil was not influenced by WTD,
while Hung et al., (2016) found that the growth of an Acacia hybrid was
more affected by soil water deficit than by temperature. (Jezik et al.,
2011; Siegmund et al., 2016) observed that the correlation between
stem growth, hydrological, and micrometeorological parameters varied
over time, i.e., the correlation may be strong in a certain year but weak
in other years. Winters et al., (2018) unexpectedly found that cambial
growth of Acacia raddiana and Acacia tortilis in an arid environment took
place for most of the dry season. McLaughlin et al., (2003) observed
contrast growth response between faster- and slower-growing trees to-
ward environmental parameters. (Barekova et al., 2020; Deslauriers
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et al., 2007) found no conclusive connection or low correlation between
Js and stem increment. This complexity of growth-environment inter-
action highlights the need for more studies of native species in tropical
peat swamp forests.

4.3. Peatland restoration and direction for future studies

The limited observation and uncertainty from our study may only
allow for tentative recommendations for restoration, in favor of native
species which are currently under intensive pressure from logging and
competition from non-native species. The higher SRI of C. arborescens in
shallow WTD (Fig. 8c) shows the potential of C. arborescens for resto-
ration, as has been suggested in other studies (Graham, 2014; Suwito
et al., 2021; Tata et al., 2021). C. arborescens is a pioneer species, less
prone to fire, has fast recovery (Mojiol et al., 2014; Suwito et al., 2021;
Yulianti et al., 2010), and its chance of survival in degraded peatland is
high (Mojiol et al., 2014; Junaedi, 2018; Tata et al., 2021). S. uliginosa
Foxw and T. glabra show less growth sensitivity to changes in WTD,
which may also indicate their potential for restoration. Revegetation of
these native species, as well as C. arborescens, are important to preserve
peatland diversity as they have suffered from intensive logging. Their
timber is widely used for construction by local communities (Kalima
et al., 2020). S. uliginosa Foxw is already listed as a threatened species
(Azwin and Sadjati, 2018), while K. malaccensis is one of the few species
that hosts honeybee hives, which is crucial for ecosystem balance in
tropical peatland. For this reason, the peatland restoration program in
Indonesia stresses the importance of providing alternative livelihood
options for local communities from unsustainable logging (Yuwati et al.,
2021). On the other hand, the significantly higher growth rate of
A. crassicarpa shows its potential to outcompete native species which is a
major risk for the diversity of peat swamp forest. This urges the
importance of hydrological restoration in drained peatlands to restore
the near-pristine saturated peatland which allows native species to
thrive and preserve diversity.

Nevertheless, more studies with longer timeline monitoring, more
environmental and vegetation parameters, and better monitoring de-
vices are needed to provide strong recommendation for restoration
strategies. For example, studies on the survival and regeneration of
various native species (e.g., Lampela et al., 2017) can benefit selection
for pioneer species among overwhelming numbers of native species.
Ecohydrological data from tropical peatlands are still rare, and thus, we
recommend extending future studies of waterlogged conditions to
examine the survival of these species in restored degraded peatland,
where WTD rises near the surface. A WTD of —0.4 m is understood as the
threshold for healthy tropical peatlands and the minimum WTD for
restored peatland in Indonesia (Kemenkunham [Ministry of Law and
Human Rights Republic of Indonesia] 2016). Other factors, such as tree
phenology, photosynthesis measurements, or carbon leveling (e.g.,
Shinde et al., 2018) are also recommended to be included in the moni-
toring. Understanding these parameters will benefit future analysis to
disentangle the carbon allocation process in the trees, and their
connection with the water status and stem growth. Instrument quality
and safety concern should also be considered. Our studies relied heavily
on homemade sensors for cost efficiency to accommodate the diversity
of peatland species. However, when conducting monitoring remotely,
high quality sensors from reputable brands are recommended to mini-
mize sensor failures and lost data. Safety concern is a major risk in a
remote area that is prone to social conflict, which is rampant in many
regions in Indonesia (Uda et al., 2017). Overrall, despite the limitations
of our study, it has paved the way for future ecohydrological studies on
tropical peatlands which described technical challenges and missing link
that should be considered, and our results serve as early evidence
requiring further investigation.
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Table 4

Partial correlation estimates between Exp. (explanatory) variable and sap-flux
velocity (Js) when Exc. (excluded) variable is excluded. VPD is vapor pressure
deficit and PA is photosynthesis active radiation.

Species Exp. variable Exc. variable estimate p_value
C. arborescens VPD PAR 0.53 3.42e-13
C. arborescens PAR VPD 0.45 1.41e-9
S. uliginosa Foxw VPD PAR 0.60 6.49%¢-18
S. uliginosa Foxw PAR VPD 0.43 6.69e-9
K. malaccensis VPD PAR 0.64 1.66e-21
K. malaccensis PAR VPD 0.37 4.14e-7
A. crassicarpa 53 VPD PAR 0.25 3.79%-3
A. crassicarpa 53 PAR VPD 0.45 9.03e-8
A. crassicarpa 62 VPD PAR 0.35 1.02e-2
A. crassicarpa 62 PAR VPD 0.35 2.73e-5

5. Conclusion

In order to improve our understanding of the ecohydrological pro-
cesses in tropical peatlands, we monitored the hydrological, microme-
teorological, and vegetation parameters of six trees (four native and one
non-native species) on Padang Island. We observed the profound impact
of VPD and PAR, as well as to some extent, the impact of WS and WTD on
temporal variability (i.e., day-to-day fluctuation) in Js of the measured
native and non-native species. For any species, daily Js was slightly
higher when WTD was between —1.4 to —1.0 m. Correlation between
daily Js and daily SRI was species specific. Nevertheless, non-native
A. crassicarpa had lower SRI in shallow WTD, while native species did
not share a similar relationship. Non-native species had almost twice the
radial-growth rate of native species. There was no evidence of higher
water uptake by non-native A. crassicarpa. Overall, the interaction be-
tween WTD, Js, and SRI was not straightforward, presumably due to the
large variation of Js within species and within the tree, complex carbon-
allocation mechanisms, and unmeasured parameters such as tree
phenology. Despite the uncertainties, lessons learned from our mea-
surement pave the way for future ecohydrological studies in tropical
peatland with recommended monitoring techniques, for example, large-
scale sensor deployment and the study of other parameters in a longer
monitoring timeline.
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