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Riparian wetland ecosystems provide important ecological services but are also
vulnerable to climate change and human activities. To understand the influence
of natural factors (e.g. climate change, flooding, drought) and human activities
(e.g. agriculture) as well as to support management strategies, reconstructions of
past vegetation and environmental changes are needed. To achieve this, we
conducted a multi-proxy paleoecological analysis, including pollen and spores,
macro-charcoal and radiocarbon dating, on a sediment core taken from a
riparian area in the Harapan forest of Sumatra. Three distinct periods were
identified: i) AD 1100 - 1400: Upland and swamp forest with riparian and
herbaceous vegetation, possibly part of a riparian buffer zone (e.g. riverbank),
was present in the study area under a stronger dry season regime; ii) AD 1400 —
1870: freshwater swamps expanded to the study site; iii) later, from AD 1870 to
present, upland forests dominated in the study area with a strong dry season. The
presence of cereal cultivation from AD 1300 — 1450, and oil palm (Elaeis
guineensis) since the mid-19th century AD indicates the presence of small-
scale agriculture in the study area. This study of riparian vegetation dynamics and
environmental changes in the Harapan forest of Sumatra shows the
development from a riparian forest to a freshwater swamp and upland forest
under the impact of climate change and human activities.
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1 Introduction

Riparian wetlands are wetland ecosystems located in floodplains
next to rivers or streams, which are periodically flooded by the
adjacent waterways. This unique surface flow is specific to riparian
wetlands, making them distinct from other types of wetland (Mitsch
and Gosselink, 2007). Riparian wetlands are important for filtering
pollutants, providing habitats for wildlife, and controlling floods
(Lowrance, 1998; National Research Council, 2002). Riparian
vegetation provides important sources of forage for livestock
grazing (Kauffman and Krueger, 1984). The shade of riparian
vegetation and wood fragments generate ideal living conditions
for fish (Singh et al,, 2021). The vegetation also plays a vital role in
protecting and preventing shoreline erosion caused by strong
flooding and promoting landform stability (Capon, 2020).
Riparian wetland areas also play an important role in carbon
storage (Hennings et al., 2021) However, today, human activities
and climate change have made riparian wetlands among the most
threatened ecosystems on Earth (Tockner and Stanford, 2002;
Schneider et al., 2017). Owing to their location with frequently
high settlement densities, riparian wetlands are subject to a high
degree of land- use change and modification (e.g. dam construction,
transportation, industrial and urban development, agriculture;
National Research Council, 2002; Mitsch and Gosselink, 2007;
Fitri et al, 2018). It is estimated that up to 90% of North
American and European floodplains are ecologically dysfunctional
due to human activities, and in developing countries, the
degradation and disappearance of riparian ecosystems is
accelerating (Tockner and Stanford, 2002). In Asia, where
approximately 1.5 billion people live in floodplains (Devitt et al.,
2023), more than 5000 km? of wetland area, including riparian
wetlands, are lost annually due to the expansion of agricultural
activities, rapid urbanization and irrigation (McAllister et al., 2001;
Dudgeon, 2009). Over the past few decades, the construction of
dams in Asia and Africa has had a profound impact on the
morphologies of rivers and the ecosystems of riparian wetlands
(Dudgeon, 2009; Khan et al., 2014; Schneider et al., 2017). This
extensive development has resulted in a significant decline,
estimated at around 21%, in the number of remaining free-
flowing rivers (Zarfl et al., 2015). Dams obstruct water flow,
impede sediment movement, and disrupt the natural flow regime,
affecting floods, low flows, and overall river dynamics (Poff et al.,
1997; Cui et al., 2020). In addition, climate change, e.g. changes in
temperature, hydrological regime, droughts, and fires also impact
the morphology of rivers and their riparian ecosystems (Tockner
and Stanford, 2002; Dwire et al., 2018; Shrestha et al., 2020).

Indonesia has one of the world’s most extensive riparian
wetland areas, with more than 5700 rivers, 131 official river
basins and approximately 8000 watersheds (Asian Development
Bank, 2016). Indonesia’s riparian wetlands are a biodiversity
hotspot, supporting a variety of flora and fauna, including iconic
megafaunas such as the Sumatran rhinoceros, orangutans, tigers,
and elephants (Dudgeon, 2000a; Dudgeon, 2000b; von Rintelen
et al,, 2017). The mix of terrestrial and aquatic features found in
riparian zones creates a unique environment that supports a variety

Frontiers in Ecology and Evolution

10.3389/fevo.2023.1224160

of specialized species, many of which are adapted to living in both
wet and dry conditions. The results of an experimental study
conducted in Jambi, Sumatra, comparing amphibians in different
habitats, revealed that rare amphibians were much more abundant
in riparian forests than in upland forests, oil palm and rubber
plantations in riparian areas (Paoletti et al., 2018).

The targeting of rivers and modification of riparian wetlands by
humans has a long history in Indonesia. Throughout Indonesian
history, riparian wetland areas were often chosen to place the
capitals of kingdoms, and rivers were landmarks dividing the
territories, for example, the Malayu Kingdom and the Batanghari
River, Srivijaya and the Musi River, the Langkat Kingdom and the
Langkat River, the Siak Kingdom and the downstream section of the
Siak River, the Deli Kingdom which was close to the Deli River, and
the Serdang Kingdom with the Serdang River. Many other
kingdoms are also close to, and bounded by rivers (Sutihat, 2014).
Nowadays, Indonesia ranks as the fifth most populous country in
the world (Nitisastro, 2006). The high population density leading to
the growth of urban areas and changing agricultural practices in
Indonesia has put more pressure on the already vulnerable riparian
ecosystems. Many riparian wetlands have been converted into
settlements and farmland (Fitri et al., 2018).

In 2012, Indonesia is the country with the highest rate of
deforestation in the world (Margono et al., 2014). In particular,
Sumatra island, which is experiencing the fastest loss of primary
rainforest cover in Indonesia, is undergoing a marked conversion of
rainforest to large-scale agricultural use (Laumonier et al., 2010;
Miettinen et al., 2011; Margono et al., 2014). Over past decades, the
rapid conversion of tropical lowland rainforests and extensive
traditional production systems into rubber and oil palm
plantations has been particularly evident in Sumatra’s Jambi
Province (Laumonier et al, 2010). Rapid land-use changes for
settlements and agriculture in riparian wetland areas in Jambi
have already had long-term environmental consequences. For
example, an experimental study in Jambi Province, Sumatra,
showed that the land-use change from forests to monoculture
plantation in the Tembesi watershed have caused increases in
flood frequencies and intensity (Merten et al.,, 2020). In addition,
the establishment of monoculture oil palm and rubber plantations
in riparian wetlands in Jambi has reduced soil carbon content
compared to natural riparian areas (Hennings et al., 2021).

Riparian wetlands, which are complex and highly dynamic
ecosystems (Wantzen et al., 2008), are disappearing at an
accelerating rate globally (Schneider et al., 2017), making their
preservation critical for human well-being (Wantzen et al, 2008).
Understanding the effects of natural factors (e.g. flooding, drought) and
human activities (e.g. agriculture, water diversion and
socioeconomically local communities) on riparian wetlands is
essential for developing management strategies. For instance,
understanding ecosystem recovery times after disturbance could help
with allocating sufficient restoration periods (Hapsari et al, 2018).
However, our understanding of riparian wetlands is still limited, and
little attention has been paid to these remarkable ecosystems,
particularly in the tropics (Wantzen et al, 2008; Junk et al, 2022;
Rodriguez-Gonzalez et al, 2022). In general, riparian wetland
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ecosystems are challenging to study due to their intricate
environmental influences, unpredictable flooding, and seasonal
processes (Lakitan et al., 2018b; Rodriguez-Gonzalez et al., 2022).
This difficulty is further hindered by the challenging nature of
riparian wetland study sites in tropical areas, including the presence
of poisonous snakes, mosquitoes, and dense thorny vegetation
(Wantzen et al., 2008).

Harapan forest in Jambi Province, with its dominant river
system and indigenous population that have lived in this forest
for hundreds of years offers a unique opportunity to study riparian
vegetation dynamics and how land uses have been practiced by the
indigenous people. Therefore, aiming to understand the effects of
climate and human activities on the riparian wetlands, we
conducted a paleoecological study of the Harapan forest using
palynological and charcoal analyses. The main aim was to
understand: 1) how the riparian vegetation changed in the
Harapan forest over time and 2) the possible factors (climate and
humans) that may have influenced vegetation in the riparian zones.

2 Study area

The Harapan forest is located about 60 km southwest of Jambi
city (Figure 1B). The average annual temperature near the study site

10.3389/fevo.2023.1224160

is about 26°C, and the mean rainfall is about 2235 mm (Sultan
Thaha Airport climatic station, Jambi; Drescher et al., 2016). The
climate is influenced by EI Nifio—Southern Oscillation (ENSO) and
the Indian Ocean Dipole (IOD) (Saji et al, 1999; Aldrian and
Susanto, 2003). When the warm (cold) phase of ENSO dominates,
Sumatra receives less (higher) rainfall than in other years
(Philander, 1990; Cane, 2005). Resembling ENSO, the IOD is a
climate phenomenon that occurs in the Indian Ocean, characterized
by a fluctuation of sea surface temperature and wind patterns across
the region. It also has two phases, positive and negative. During a
negative (positive) phase, the western Indian Ocean is colder
(warmer) than usual, while the eastern part of the ocean is
warmer (colder) than usual. This creates a gradient of
temperature across the ocean that results in increased (decreased)
rainfall over western Indonesia (Saji et al., 1999; Iskandar
et al,, 2022).

Part of the Harapan forest is a watershed of many river systems
and their tributaries. Some pass through the Harapan forest, such as
Sungai Kapas, Meranti River, Sungai Lalan, Masse River, Sungai
Telang and Sungai Kandang. The coring site is about 50 m a.s.l. and
located 100 m distant from the nearest large river, the Lalan, and
about 200 m from the upland area. The Harapan forest is generally
dominated by the Dipterocarpaceae tree family and riparian

Bengkulu

Legend: Palaeo-precipitation iy Archeclogical site —— River [T Secondary forest Peatland
record = - Harapan forest ~ Rubber plantation

® Harapan core = Sultan Thaha T pa y _ P )
Settlement area i___1 District boundary & ¢ Oil palm plantation

% Air Itam swamp

FIGURE 1

Airport

(A) Map of the study site and the site of paleo-precipitation record from Tangga Cave (1, Wurtzel et al., 2018) and Bukit Assam Cave, Gunung Buda,
Sarawak (2; Chen et al., 2016); (B) Climatic measurement tower at Sultan Thaha Airport in Jambi City (Drescher et al., 2016) and Air Itam paleo-
vegetation study (green star) near the study site (Biagioni et al., 2015); (C) The core location is indicated by a red circle, the land-use statement in
Harapan forest and adjacent areas in 2013 is indicated by Hein and Faust (2013). The locations of the indigenous Batin Sembilan's settlement areas
are based on the survey of Hauser-Schaublin and Steinebach (2014); Widianingsih et al. (2016); Widianingsih et al. (2019) and Hein (2019). The map

was created in QGIS version 3.16.7-Hannover.
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communities, for example, Shorea macroptera, Intsia palembanica,
Eusideroxylon zwageri, Calamus (rattan), Glochidion, Semecarpus
(Briggs et al., 2012; Harrison and Swinfield, 2015), which were
regrowth following the intensive legal logging concession during the
1960s — 1970s (Lambertini, 2008). Located in one of the global
biodiversity hotspots, this forest hosts ca. 133 critically endangered
species on TUCN Red List, including the sumatran tiger (Panthera
tigris sumatrae), orangutan (Pongo abelii), the storm’s stork
(Ciconia stormi), the sumatran elephant (Elephas maximus
sumatranus), the helmeted hornbill (Rhinoplax vigil), and the
rhinoceros hornbill (Buceros rhinoceros) (Jain et al., 2018; Utomo
and Walsh, 2018). Since AD 2008, the Harapan forest has been
restored and managed by PT REKI - Restorasi Ekosistem
Indonesia, with a license for up to 95 years to restore ecosystems/
conservation concession (Ministerial Regulation No. P. 61/Menhut-
11/2008, Ministry of Forestry). This is the first rainforest ecosystem
restoration project in Indonesia (Harrison and Swinfield, 2015).

Harapan forest is well-known as home to the Batin Sembilan
indigenous people practicing shifting cultivation (Forbes, 1885;
Steinebach, 2013; Hein et al,, 2015). Near the coring site, there
are villages of the Batin Sembilan people, such as Tanjung Mandiri,
Zona Kemitraan, Kel Gelinding, Macan Dalam, Luar, and Tangding
(Figure 1C). They are thought to have originated from proto-Malay
people who have fled into the forest since the 7™ century to avoid
the wars between rulers of Jambi and adjacent kingdoms
(Anderbeck, 2008; Steinebach, 2013, https://hutanharapan.id/
batin-sembilan/). According to historical records, the Batin
Sembilan people are semi-nomadic. Their livelihood mainly relies
on fishing, logging, harvesting non-timber forest products (e.g.
jernang, dammar (resin), honey, rattan, bamboo, forest fruits)
and practising agriculture (e.g. rice, sugarcane and vegetables;
Wardah, 2013; Hein, 2019; Wulandari, 2021).

10.3389/fevo.2023.1224160

3 Materials and methods

3.1 Core sampling, sediment description
and dating

A 150 cm-long core from a riparian area (2.173186°S
103.365748°E, ca. 50 m as.l.) of the Harapan forest (HRF) in
Jambi province was collected in the summer of 2017 using a
Russian peat corer (Jowsey, 1966). The lowermost part of the core
from 150 - 100 cm consists of white and light-brownish sand and
sandy clay with wood remains. The sediments between 100 - 40 cm
consist of peaty clay and woody remains. The uppermost part, 40 —
0 cm, is composed of brown-humified sandy mud with a high
proportion of woody and plant remains. Sedlog (Zervas et al., 2009)
was used to create the graphic sediment profile (Figure 2). Four
samples consisting of organic bulk sediment and fine plant material
were sent to Poznan Radiocarbon Laboratory in Poland for
radiocarbon dating (Table 1). Ages were calibrated using the
southern Hemisphere SHCal13.14C calibration curve (Hogg et al.,
2013), and the age-depth model was built and illustrated using
Clam 2.3.2 (Blaauw, 2010) in R (R Core Team, 2018).

3.2 Pollen and spore analysis

Palynological analyses were conducted to reconstruct past
vegetation in the Harapan forest. A total of 33 samples of 0.5 cm’
from the 150 cm-long core were chosen for pollen and spore
analysis at 4 cm interval; each sample was processed using the
standard pollen analytical method of Faegri and Iversen (1986).
Lycopodium clavatum spores were added to each sample as a
“spike” to estimate the concentration of pollen and spores

123cm 865 + 35 BP

96cm 615 + 30 BP

modern

76cm 230 + 30 BP

[ Brown sandy clay
- 10 B Brown sandy mud
F 20 - Peaty clay
L 30 . Light brown sandy clay
[ ] sand (fine - medium)
- 40 Symbols
- 50 Woody remains
- 60 Leaf and plant remains
_F 70
§
- F 80
3
g F 90
100
110
120
130 |
F140 | B
T T T
950 1150 1350
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FIGURE 2
Stratigraphy, age — depth model and sedimentation rate of the HRF core.
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TABLE 1 Radiocarbon dating from the HRF core.

No Lab code Depth U EYEE]

1 Poz-101225 36 organic bulk sediment
2 Poz-101226 76 organic bulk sediment
3 Poz-101227 96 organic bulk sediment
4 Poz-97369 123 organic bulk sediment

(Stockmarr, 1971). The remaining organic residue was sieved at 120
pum mesh and mounted on a slide in glycerin.

Pollen and spores were counted to a minimum of 300 pollen
grains for each sample under a light microscope at a magnification
of 400x. The total number of pollen grains counted (100%) was used
to calculate the pollen percentages, whilst the spore percentages
were calculated based on the total number of pollen and spore
grains counted. The pollen and spore identification was based on
the modern tropical pollen reference collections of the Department
of Palynology and Climate Dynamics, University of Gottingen
(available at https://www.uni-goettingen.de/de/97306.html) and
online databases of the Australasian Pollen and Spore Atlas
(APSA) (available at https://apsa.anu.edu.au). Some taxa that have
similar morphologies and are difficult to separate were grouped
together, such as Moraceae/Urticaceae, excluding Ficus,
Lithocarpus/Castanopsis, Macaranga/Mallotus. In accordance with
the literature of vegetation distribution and ecology in Indonesia
and adjacent areas (e.g. Whitmore and Tantra, 1986; Laumonier,
1997; Whitten and Damanik, 2000; Morley, 2013; Biagioni et al.,
2015; Cole et al., 2015; Prosea collection: https://uses.plantnet-
project.org/en/Category : PROSEA and Plant of SE Asia: https://
asianplant.net), the pollen and spore taxa were grouped into six
main categories: i) Upland forest (UF), representing pollen from
plants that are restricted to, or commonly found in, areas less
influenced by flooding; ii) riparian forest (RF), representing pollen
from plants that are restricted to or commonly found in riverine,
floodplain areas, and open vegetation (OV), OV representing pollen
produced by herbaceous, pioneering plants found in open areas
along the rivers or that tend to grow after disturbance; iii) Swamp
forest (SF) representing the pollen of plants commonly found in
swampy environments; iv) cultivated plants (e.g. oil palms, cereals);
v) ubiquitous vegetation (UV), representing taxa that can grow in a
wide range of habitats such as upland and floodplain vegetation;
and vi) ferns. Some taxa typical of the UF also occur in SF and RF
and vice versa, e.g. Dipterocarpaceae, Elaeocarpaceae, Macaranga/
Mallotus. However, the PCA analysis can identify pollen taxa
related to particular habitats as well as those related to
environmental changes. Furthermore, in the Sundaland region
(currently the islands of Sumatra, Borneo, Java and Peninsular
Malaysia), Poaceae pollen grains with a paired threshold of 39.5 ym
of grain diameter and 8.5 pm of annulus diameter can be used to
detect common/major cereal pollen with 98% specificity (Hapsari
and Ballauff, 2022). Therefore, in our study, Poaceae pollen grains
with diameters <40 pm and >40 pm, but with an annulus diameter
<8.5 um were considered to be wild grasses. Poaceae pollen with a
pair of grain diameters >40 pm and an annulus diameter >8.5 pm
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C yr BP Cal yr BP Calendar (AD)
‘ modern >1950
‘ 230 £ 30 212 1738
‘ 615 + 30 582 1368
‘ 865 + 35 728 1222

were counted separately as potential cereal cultivation. Pollen
zonation is identified based on cluster analysis of terrestrial pollen
using CONISS (Grimm, 1987). The StrataBugS®V.3 (Stratadata,
2014) was used to construct the pollen diagram, species richness
and Shannon diversity index (Shannon, 1948). Only taxa showing
significant changes in proportion and specific ecological
relationships (UF, SF, RF, OV, and ferns) are displayed on the
pollen diagram.

3.3 Macro-charcoal analysis

Macro-charcoal (>125 pm) analysis was performed to reconstruct
local fire regimes based on the method of Stevenson and Haberle
(2005). One cm” subsamples at one cm contiguous intervals along the
core (total 147 samples) were taken and soaked in sodium
hexametaphosphate solution (5%, overnight) to help disaggregate
the samples and separate charcoal particles from other material. The
sample was then bleached in a Javel water solution (2% sodium
hypochlorite) to increase the contrast between charcoal and dark
organic matter. The residue was sieved using 125um diameter mesh
to remove smaller particles for a more local charcoal signal (Clark
et al,, 1998; Carcaillet et al.,, 2001). Large charcoal particles (>125pum)
were counted under a stereomicroscope and analyzed with
CharAnalysis software (Higuera et al., 2009). Charcoal
accumulation rates are expressed as number of particles cm™2 yr .

3.4 Statistical analysis

Unconstrained ordination principal component analysis (PCA)
and detrended correspondence analysis (DCA) were carried out using
CANOCO 5 (Simpson and Birks, 2012; Smilauer and Leps, 2014) to
display the frequencies of the original pollen and spore percentage data
on spatial coordinate axes. All the pollen was square root transformed
to minimize the effects of large and small values in the record. The
results from DCA and PCA were expected to detect the dominant
environmental factors driving the vegetation changes over time.

4 Results
4.1 Age-depth modelling

The age-depth model indicates that the HRF recorded the last
1000 years. The depth versus age relationship (Figure 2) suggests

frontiersin.org
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irregular sediment accumulation through time. From ca. AD 1100
to 1400 (150 to 95 cm) the core records an average sediment
accumulation rate of 0.18 cm yr‘l. From ca. AD 1400 - 1750 (95 -
75 cm) it indicates an average sediment accumulation rate of
0.05 cm yr’l. Later, from the ca. AD 1750 - present (75 - 0 cm)

interval, the sediment accumulation rate is around 0.29 cm yr~ .

4.2 Palynological results

In total, 127 pollen and 12 spore taxa were identified. The pollen
and spores have good preservation and high concentrations along
the core (average 69,000 grains cm ™). The bottom part of the core
(150 - 95 cm) records the highest pollen concentration (average
74,000 grains cm ™), which then decreases in the middle part (95 -
35 cm; average 64,000 grains cm ) and slightly increases again at
the top of the sediment core (35 - 0 cmj; average 70,000 grains
cm™>). Based on cluster analysis, the pollen diagram of the HRF core
is divided into three zones according to the following main changes
in pollen composition (Figure 3; all the following % values
are averages):

4.2.1 Zone HR-1 (150 — 95 cm, AD 1100 - 1400)
The UF taxa account for 20% of all pollen, mainly represented
by Moraceae/Urticaceae (2%), Begoniaceae (2%), Lithocarpus/
Castanopsis (1%) and Dipterocarpaceae (1%). The SF pollen taxa
are dominant (30%), mainly represented by Elaeocarpaceae (5%),
Ternstroemia (5%), Oncosperma (3%), and Pandanus (2%),

Burseraceae (<1%). The RF accounts for 41%, characterized by

10.3389/fevo.2023.1224160

Macaranga/Mallotus (8%), Actinidiaceae (5%), Fabaceae (4%),
Poaceae (wild grasses, 1%). Cereal pollen (1%) starting in the
second part of the zone. The UV taxa account for around 7% and
stay stable along the core, and are mainly dominated by Rutaceae
(2%), and Melastomataceae (5%). These two taxa are therefore not
shown in the diagram (except in the subtotal in Figure 4).

4.2.2 Zone HR-2 (95 — 35 cm, AD 1400 - 1870)

The UF pollen taxa increase (to 22%); Moraceae/Urticaceae (to
3%), Begoniaceae (to 3%), Dipterocarpaceae (to 2%) and
Lithocarpus/Castanopsis (to 2%). The SF pollen taxa increase (to
37%), Tristaniopsis (to 3%), Anacardiaceae (to 3%), and Calamus
(to 3%), Burseraceae (to 2%). However, Oncosperma decrease (3 to
1%), Ternstroemia (to 3%) and Pandanus (to < 1%). Elaeocarpaceae
is stable at 5%. The RF pollen decrease (to 32%), Macaranga/
Mallotus (to 6%), Fabaceae (to 1%). Cereals are almost absent in
this zone.

4.2.3 Zone HR-3 (35 — 0 cm, AD 1870 — present)
The UF pollen taxa continuously increase (to 38%), Icacinaceae
(to 5%), Moraceae/Urticaceae (3 to 5%), Begoniaceae (to 7%),
Dipterocarpaceae (to 3%), Lithocarpus/Castanopsis (to 4%), and
Sapotaceae (to 2%). The SF pollen taxa decrease (to 25%), led by the
decrease in Tristaniopsis (to 0%), Ternstroemia (to 1%),
Anacardiaceae (to <1%). However, Elacocarpaceae increases (to
7%). The RF pollen continuously decrease (to 28%) due to the
decrease in Actinidiaceae (to 2%). However, some taxa increase in
proportion, such as Macaranga/Mallotus (6 to 9%). The OV pollen
taxa represent about 1%, mainly grasses. At the end of this zone, the
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FIGURE 3

Pollen and spore diagram of the HRF core with age scales, representative taxa of each group (%), and pollen zones.
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FIGURE 4

Comparison between various records: Age scale, 520 recorded in the Bukit Assam Cave, Gunung Buda, Sarawak (Chen et al., 2016) and Tangga
Cave (Wurtzel et al., 2018)); pollen and spore concentration, species richness, Shannon diversity index, total sum of pollen and spore of each
ecological group in percentages, CharAnalysis results (e.g. macro-charcoal concentration, fire peaks, peaks magnitude, and fire frequency), pollen

zonation and CONISS.

presence of Elaeis guineensis is important despite its low
values (<1%).

4.3 Macro-charcoal and fire regime

The CharAnalysis results show the global signal-to-noise index
is high (4.4). The local signal-noise index (SNI) values fluctuate
above 3, indicating potential local fires (Kelly et al., 2011). The raw
charcoal counting is interpolated into 4 year intervals (the median
temporal resolution). The mean fire return interval (mFRI) is 70
with a mean fire frequency of about 7 peaks per 500 years. Overall, a
total of 11 peaks are modelled along the core (Figure 4); in general
the macro-charcoal concentration is low in zone 1 (150 — 95 c¢cm)

% the highest charcoal

with an average of 3 particles cm™
concentration is in zone 2 (95 - 35 cm) with an average 7
particles cm >, and the second highest charcoal concentration is

in zone 3 (35 - 0 cm) with an average 5 particles cm .

4.4 Principal component analysis

The unimodular DCA showed a gradient length of 1.1 SD units
(<2.5 SD). Therefore, a linear response model (PCA) was
considered more appropriate to summarize the pollen and spore
composition changes over time. All pollen and spore taxa were
included in the statistical analysis and the most dominant and
important (40 taxa) were selected to be shown in Figure 5. The first
two components, PC1 and PC2 represent the most dominant and
common pollen types and explain 29% of the total variance. The
relatively low explained variance suggests the presence of other
influential factors, such as hydrological processes (e.g. seasonal
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precipitation patterns, changes in sediment transport dynamics,
alterations in the flow regime), geomorphological dynamics (e.g.
river channel adjustments, meander dynamics, floodplains that
influence the spatial distribution of pollen types, etc.),
anthropogenic disturbances (cultivation, open landscape, logging,
etc.), and spatial/temporal variability (e.g. localized microclimatic
conditions affecting pollen production or dispersal), which may
contribute significantly to the unexplained variance and overall
variability observed in the study site. PC1 (18%) likely represents
the development of wetland - upland taxa, whereas PC2 (11%)
represents the presence of riparian - freshwater swamp taxa. The
PCA biplot shows a clear separation between three periods of
riparian forest dynamics. The first period, from AD 1100 - 1400,
shows a period of riparian environment dominated by OV taxa such
as wild grasses, cereals and Caryophyllaceae, and riverine taxa such
as Macaranga/Mallotus, and Rhizophoraceae. From AD 1400 -
1870, the vegetation is dominated by SF (e.g. Calamus,
Tristaniopsis, Burseraceae). Later, from about AD 1870 - present,
the forest is dominated by upland taxa such as Dipterocarpaceae,
Icacinaceae, Lithocarpus/Castanopsis, Sapotaceae, and Begoniaceae

5 Interpretation and discussion

5.1 Dynamics of the Harapan riparian
forest, the role of climate and humans

The pollen data record of the last millennium shows the
occurrence of Upland forest (UF), Swamp forest (SF) and
Riparian forest (RF) taxa, which include mixed RF/Floodplain,
Riverine and Open vegetation (OV) (Figures 3, 4) in the study
area of the Harapan forest. The proportions of the different
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PCA plot for percentage data of identified pollen and spores obtained from the Harapan forest since AD 1100. Biplots of representative species and
samples show a relationship between samples and taxa assemblage in three different periods of the Harapan forest. The blue circle represents the
period of dominant RF (AD 1100 — 1400). The brown circle represents the period of typical SF (AD 1400 — 1870), and the green circle represents the
period of common UF (AD 1870 — present). Blue numbers are the estimated age (AD) of each sample.

vegetation types were relatively stable (except for the increase in UF
at the end of the record), but taxa show stronger changes within the
groups and three distinct periods were identified by CONISS.

5.1.1 Period from AD 1100 — 1400 (150 — 95 cm,
zone HR-1)

The core lithology from this period shows an accumulation of
fine-grained sandy layers (Figure 2), suggesting deposition from
flowing water. Additionally, this zone facilitated the deposition of
pollen from UF taxa, such as Lithocarpus/Castanopsis,
Dipterocarpaceae, Sapotaceae, Begoniaceae, and Icacinaceae,
which were possibly transported into the coring site.

This period is characterized by a high frequency of RF taxa, such
as Actinidiaceae, Macaranga/Mallotus, Callophyllum,
Rhizophoraceae, and Baringtonia which well-represent riparian
habitats. The occurrence of wild grasses (Figure 3) indicates the
possible presence of herbaceous marshes or grassy swamp nearby.
Nowadays, herbaceous marshes is found in freshwater swamps in
Sabah, Malaysia (Ismail et al, 2021) and in the lebak swamps (lebak
swamps are non-tidal swamps) along the Musi river in the
Pampangan sub-district, South Sumatra where grass swamps are
utilized for grazing Pampangan buffaloes and for cultivation
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(Laumonier, 1997; Ali et al., 2014). However, the increase in OV
may also be related to human activity (see below).

In the SF, a high proportion of Pandanus is found at the
beginning of the record, while other groups such as Ternstroemia,
Oncosperma, Elaeocarpaceae, and Calamus occurred less frequently
(Figure 3), suggesting a Pandanus-dominated swamp near the
coring site. Nowadays, Pandanus can be found in swamp
environments and often colonises submerged/flooded riverbanks
in Sumatra (Laumonier, 1997; Whitten and Damanik, 2000;
Biagioni et al., 2015). Later, Ternstroemia, followed by
Oncosperma, increased in the SF. At the end of this period (from
ca. AD 1300 to 1400), Elaeocarpaceae became more frequent. In
Southeast (SE) Asia, Elaeocarpus is documented as pioneer of the
2015).
Increased Elaeocarpaceae abundance indicates an early

early development of peat swamp forests (Cole et al,

successional phase or disturbed vegetation, as seen in the Air
Hitam peatland (Figure 1B; Biagioni et al., 2015).

Since riparian wetlands can respond to climate change and to
human disturbance (Wantzen et al., 2008; Pandey et al.,, 2022), it is
difficult to disentangle the vegetation dynamics affected by climate
change and human impacts. At the beginning of our record from
AD 1100 to 1250, paleo-precipitation records in the Tangga Cave
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(Figure 1A) showed relatively high 3'80 values (Figure 4),
indicating high precipitation (Chen et al, 2016; Wurtzel et al,
2018). Around the same time, there were two fire events, in AD
1100 and 1120 (Figure 4). The wetter climatic conditions led to
extensive growth of wild grass (Figure 3), which in turn increased
the availability of fuel and resulted in more fire frequent
occurrences, probably caused by natural ignition sources (e.g.
lightning). Later, during AD 1250 - 1350, the §'°O in the Tangga
Cave recorded maximum values, indicating that Sumatra received
less precipitation (Wurtzel et al., 2018), which could have
suppressed the growth of SF (Nishimua et al., 2007) as seen in
our record (Figure 4). On the other hand, in the late Holocene, the
occurrence of local and regional burning in SF related to dry climate
has been documented in Sumatra (Chen et al., 2016; Hapsari et al.,
2021; Hapsari et al., 2022). This coincides with the presence of
charcoal with fire events in our record in AD 1220 and 1280
(Figure 4). However, the fire events that occurred during high
rainfall (AD 1100, 1120) and drier seasons (Figure 4) might also be
related to human activities.

In addition to the occurrence of fire events in wetlands, caused
by natural factors as discussed above, the presence of charcoal in
paleoecological records or fire events in wetlands also strongly
indicates human activity (Bush et al., 2007; Akesson et al., 2023).
Historically, human-caused fires intended to maintain and to open
landscapes are common across many regions and periods (Bowman
etal, 2011). For example, a paleoecological study of Lake Ayauchi, a
tributary of the Marafion River in Amazonian Ecuador, by Akesson
et al. (2023) revealed that fire events were occurring linked to
human activity and did not align with dry periods. In Indonesia, fire
is commonly utilized as the cheapest and fastest way to open land
for agriculture (Simorangkir, 2007; Cattau et al., 2016; Cole et al,,
2019) and fishing (Hope et al., 2005). Thus, in our record, fire events
from the beginning of this period indicate that the indigenous
people might also have used fire for multiple purposes, e.g. cooking,
fishing, and opening lands.

The occurrence of cereal pollen around AD 1300 - 1450
(Figure 3) indicates that agricultural activities have been
conducted in the study area of the Harapan forest. Some
common/major cereal species widely cultivated in Sundaland are
Oryza, Sorghum, Setaria and Echinochloa (Hapsari and Ballauff,
2022). Historically, since moving to the forest, the Batin Sembilan
people have used the forests to construct their huts and to practice
cultivation (Wardah, 2013). One of the staple crops that they have
cultivated in the Harapan forest is dry rice (Hein et al, 2015).
Merten et al. (2020) documented that in Jambi, the riparian
floodplains were only cultivated during the dry season with dry
rice, corn or soybean. The proportion of Fabaceae and
Caryophyllaceae also increased during the interval of cereal pollen
grain occurrence in our record (Figure 3). Some species of Fabaceae
(e.g. Aeschynomene indica, A. aspera) and Caryophyllaceae (e.g.
Polycarpon sp.) are the most common weeds in lowland paddy
fields documented in SE Asia (e.g. Lao, Cambodia, Indonesia;
Moody, 1989; Huelma et al, 1996; Caton et al., 2010; Kosaka
et al, 2013; Martin et al., 2017). Therefore, the occurrence of
cereal pollen grains and higher proportions of Fabaceae and
Caryophyllaceae, might indicate that the indigenous people,

Frontiers in Ecology and Evolution

10.3389/fevo.2023.1224160

probably Batin Sembilan, conducted dry rice cultivation. The
relatively high proportion of OV and other disturbance indicators
during this period, such as Macaranga/Mallotus in the RF, could
therefore possibly be related to human activity. Furthermore, in the
upland, the slight decrease in UF in the middle part of this period
(Figure 3) may also be related to human presence. Dipterocarpaceae
and Lithocarpus/Castanopsis were not so frequent during this
period. Nowadays, they are widely used for housing or boat
construction (Lemmens et al., 1995) and it is possible that they
might have also been used for wood by the indigenous people in
the past.

5.1.2 Period from AD 1400 - 1870 (95 - 35 cm,
zone HR-2)

At the beginning of this period, the sediments changed to
include a higher proportion of clay and mud, indicating that the
area was more frequently flooded, since the clay and muddy
sediments could be deposited during flooding (Whitemore, 1982).
During this period, SF increased continuously but only very slightly
(Figure 4) with a stronger presence of Burseraceae followed by other
SF taxa. Tristaniopsis is common in permanently flooded forests
(Sosef et al.,, 1998; Aribal and Fernando, 2018). The increase in
Tristaniopsis, together with dominant Calamus and Anacardiaceae
species (Figure 3) toward the end of this period (from ca AD 1700 -
1780) suggests an expansion of rattan mixed freshwater swamp
forests. At the end of this period (ca. AD 1780 - 1870), the presence
of Nepenthes suggests that the swampy environment had become
nutrient-poor (Sim et al, 1992; Rawi and Rohani, 2021), which
may have contributed to the decline of the SF vegetation in the area
due to the different nutritional requirements of the plant
species involved.

Climate seems to be the main factor driving the shift in SF
vegetation during this period. The stronger occurrence of SF
vegetation between AD 1540 and 1740 (Figure 3) is consistent with
low 8'®0 values recorded in the Tangga Cave during AD 1350 - 1420,
1540 - 1650 and 1700 - 1740 (Figure 4), indicating high precipitation
(Wurtzel et al, 2018). The high rainfall season can promote
waterlogged conditions (Sayama et al, 2015; Yamamoto et al,
2021) and encourage the growth of SF (e.g. Burseraceae) as seen in
our record (Figures 3, 4), and particularly favors taxa adapted to
inundated conditions and frequent floods such as Tristaniopsis and
Calamus (Figure 3; Sosef et al., 1998). After AD 1760, the 8'*0 values
in the Tangga Cave increased (Figure 4), indicating the climate
changed to drier conditions. Macro-charcoal analysis revealed fire
events at about AD 1770, 1800, 1810, 1820, and 1870, dates which are
in accordance with the highest §'®0 values recorded in the Tangga
Cave and Bukit Assam Cave, and Gunung Buda, Sarawak (about
1300 km from the Harapan forest; Chen et al., 2016) (Figure 4),
suggesting the occurrence of regional burning related to a drier
climate. Around the same time, El Nifio events with strong (S) and
very strong (VS) intensities were globally documented in the years
1761 (S), 1775 (S), 1803-1804 (S), 1814 (S), 1828 (VS) and 1871 (S)
(Quinn et al,, 1987), coinciding with severe droughts in East Java
(Rodysill et al., 2013). An observational study by Hamid et al. (2001)
shows increased lightning flashes during the El Nifio events over
Indonesia. Page et al. (2002) reported that the El Nifio-linked dry
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spells can even cause peatlands to dry up, potentially promoting
wildfires in Indonesia. In our study, the long dry season and wildfires
— possibly related to El Nifio events and droughts — may interrupt the
development of SF at the end of this period. However, the frequent
fire events and riparian ecosystem dynamics recorded at the site are
also manifestly related to human activities.

The decrease in cereal presence since AD 1400 (Figure 3)
suggests that the indigenous people no longer cultivated cereal
near the coring site. The reduction of cereal cultivation could be
explained by climatic flooding conditions. High rainfall and
inundated conditions can damage cereal cultivation (Hartono
et al., 2020; Merten et al.,, 2020). Nowadays, in Indonesia, local
farmers grow rice once a year in riparian wetlands due to the
occurrence of unpredictable, prolonged flooding (Lakitan et al,
2018a; Lakitan et al., 2019). Flooding can last for up to six months
during the rainy season, during which time no agricultural activities
take place (Wati et al., 2015; Siaga et al, 2017). In our record
(Figures 3, 4), the increase in rainfall during AD 1350 - 1420 may
have suppressed the development of cereals which usually are
cultivated in the floodplain during the dry season (Merten et al,
2020). The indigenous Batin Sembilan farmers with a tradition of
dry rice cultivation (Hein and Faust, 2013) could also have changed
their lifestyles, adapting to the flooding season during this period,
for example by fishing, and harvesting non-timber forest products,
perhaps collecting rattan and selling it to traders as seen nowadays
(Indrizal and Anwar, 2023). At the end of this period (ca. AD 1850),
the presence of the exotic oil palm Elaeis guineensis (Figure 3)
indicates oil palm cultivation on a small scale in the study area. The
presence of oil palm is in accordance with the increase in fire with
frequent fire events and the decrease in SF (Figure 4), suggesting
that humans may use fire to open the swampy area to cultivate oil
palm in the Harapan forest. In addition, the SF vegetation record
shows that Tristaniopsis has sharply decreased since AD 1800.
Ternstroemia has also decreased at the same time. Nowadays, the
hard and durable wood of Tristaniopsis is widely used for heavy
constructions such as bridges, wharves and jetties (Sosef et al,
1998). Ternstroemia is also widely used for house interior
constructions, such as ceilings, window frames, and doors
(Soerianegara and Lemmens, 1994). The indigenous people may
therefore be exploiting these taxa from the SF of the past.

5.1.3 Period from AD 1870 — present (35 — 0 cm,
zone HR-3)

Since AD 1870, the UF portion of the assemblage has increased
markedly, by the stronger occurrence of Lithocarpus/Castanopsis,
Dipterocarpaceae, Icacinaceae, Begoniaceae and Sapotaceae,
suggesting that the upland Harapan forests have been increasingly
dominant. This can be explained by an expansion of UF vegetation
to the study site, or by the UF being less disturbed by humans than
forests in swampy areas (see below). Macaranga/Mallotus, which
can adapt well in the UF, also dominate the pollen assemblage.

Tt is difficult to distinguish the influences of climate and humans
on the vegetation dynamics during this period. Since 1900, the
annual temperature in Indonesia has increased by ca. 0.3°C, and
annual precipitation has decreased by about 2 - 3% (Hulme and
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Sheard, 1999; Case and Spector, 2007). This may have caused less
inundation and promoted the expansion of UF.

However, local human activities, such as opening forests by
cultivation and cutting trees, may also have contributed to the
change in vegetation during this period. The exotic oil palm (Elaeis
guineensis) pollen indicates its cultivation in the study area, but
probably at a certain distance from the coring site. On the other
hand, SF vegetation shows that Calamus, Anacardiaceae, and
Burseraceae are very rare during this period. Nowadays, rattans
(Calamus) are intensively collected for trading due to their high
value (Dransfield and Manokaran, 1994). Due to its light weight,
durability, flexibility, and attractive natural appearance, rattan has
numerous applications, including furniture, handicrafts, and
construction (Dransfield and Manokaran, 1994). Furthermore,
Anacardiaceae and Burseraceae are important families for major
commercial timber production (Soerianegara and Lemmens, 1994).
Therefore, the indigenous people may also have been utilizing more
of these taxa from SF during this period.

6 Summary and conclusion

The riparian vegetation in the Harapan forest underwent
remarkable dynamics, reflecting a complex interplay of vegetation
and environmental changes, climatic fluctuations, and human
activities during the recorded last millennium. Our paleoecological
study identified three distinct periods of vegetation development.

Between AD 1100 and 1400, the forest displayed a combination
of mixed open, riverine and swamp vegetation, indicating the
possible occurrence of an open forested riparian buffer zone.
The occurrence of fires may indicate human activities since
the beginning of this period. Later from AD 1300 to 1450,
evidence of cereal cultivation document agricultural activities
carried out by the Batin Sembilan people. The indigenous use of
slash-and-burn farming played an important role in shaping the
vegetation composition in the riparian zone of the forest.

From AD 1400 to 1870, freshwater swamps were dominant, and
both climate fluctuations and human activities remarkably
impacted the dynamics of the swampy vegetation. At the
beginning of this period, the high rainfall season played a crucial
role as it promoted waterlogged conditions, providing an
environment for the growth of swamp forests. Towards the end
of this period, the development of swamp forest vegetation faced
suppression, likely due to strong fires that were correlated with
regional dry seasons. Furthermore, human activities had a
persistent impact by fires, especially with changes in land-use
practices like oil palm plantations and logging.

Since AD 1870 to the present, upland forests have become the
prevailing vegetation type in the study area. This change could be
attributed to various factors, including the increase in annual
temperatures and a decrease in annual precipitation in Indonesia,
which may have led to reduced inundation and facilitated the
expansion of upland forests. Additionally, human activities, such
as forest clearance for cultivation and extensive tree-cutting in the
swamp forest, might have also played an important role in driving
the vegetation shift during this period.
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Overall, our research shows the complex relationship between
vegetation and environmental changes, including climatic
fluctuations as well as human activities by fire and agriculture,
that have influenced the riparian vegetation dynamics of the
Harapan forest over the past millennia. This study emphasizes the
importance of understanding both natural and anthropogenic
factors that have shaped the present-day riparian vegetation of
the Harapan ecosystem.
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