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Abstract: Understanding past forest dynamics and human influence is essential for future forest
management and ecosystem conservation. This study aims to provide insights into the forest dy-
namics and agroforestry history in the highlands of Sumatra for the last 1800 years. We carried out
palaeoecological multi-proxy analyses of pollen, spores, non-pollen palynomorphs, macro-charcoal,
and X-ray fluorescence on a limnic sediment core taken from Danau Kecil in the submontane area
of Kerinci Seblat National Park in Sumatra, Indonesia. Our results provide an 1800-year record of
forest dynamics under climate change and human influence including the transition from forest
opening to shifting cultivation and eventually permanent agroforestry. Indicators for forest open-
ings and secondary forest formation have been present since the beginning of records (AD 200).
This is followed by the possible initiation of sugar palm (Arenga) cultivation (AD 400). Since AD
500, potential agroforestry and forest gardening practices have promoted major timber trees such
as Lithocarpus/Castanopsis, Bischofia, and Dipterocarpaceae combined with sugar palm (Arenga). Per-
manent agroforestry systems were possibly established since AD 1760, evinced by an increase in
commodity trees such as Dipterocarpaceae for resin production. With the Dutch invasion ca. AD
1900, agroforestry intensified and expanded to the Kerinci Valley. This was followed by land use
intensification and potential rice cultivation around Danau Kecil since the 1940s. This study pro-
vides the first details on past forest dynamics around Danau Kecil since AD 200, showing among
others how appropriate forest management and a closed canopy could reduce fire vulnerability in
submontane rainforest.

Keywords: tropical forest; late Holocene; land use; forest transformation; forest cultivation;
Sumatra; Indonesia

1. Introduction

Indonesia is one of the major producers and exporters of agricultural products
worldwide. Products such as rubber, tea, palm oil, coffee, cocoa, spices, cassava, and cin-
namon have become the main drivers of economic growth and livelihoods for great parts
of the Indonesian population in the past decades [1]. Early farming or initial agriculture
in Indonesia was thought to start in mountainous areas with the shifting cultivation of
root crops and the cultivation of swamps. However, little is known about when and where
those activities occurred, except for the evidence of deforestation and burning about 2000
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BC [2,3]. Afterward, with the arrival of Austronesian migrants in ca. 1550 BC, rice cultiva-
tion was introduced [2,4]. Within Indonesia, Sumatra offers ideal conditions for agricul-
ture due to its humid tropical climate and fertile volcanic soils. Evidence shows a long
history of human occupation in the Kerinci area, with archaeological finds dating back to
1400 BC [5]. However, the history of agricultural practices in Sumatra is still understudied.
Aside from evidence of rice cultivation at the Toba Plateau in North Sumatra [2] and Da-
nau Bento in the Kerinci Seblat National Park (KSNP) [4], there is no further indication of
the past cultivation of other crops in Sumatra.

In recent years, agricultural activities in Indonesia have been rapidly expanding. Es-
pecially in Sumatra, the rainforest has been extensively transformed toward cash crop-
oriented monocultures such as o0il palm and cinnamon plantations. Meanwhile, the eco-
logical impact of land-use transformation and deforestation have attracted global atten-
tion, whereby the consequences of climate change and anthropogenic disturbances are
threatening not only ecosystems, but also human welfare [6,7]. One of these threats is re-
flected in the recently increasing wildfire risk in Indonesia. Since Southeast Asian rainfor-
ests thrive under constantly humid conditions, fires did not play a significant role in the
past [8]. However, since the major expansion of agricultural areas on islands such as Su-
matra, the land-use fragmentation and drainage of peatland led to a severe increase in fire
frequency and magnitude [9,10]. In 1997/1998, Indonesia counted the highest number of
fires worldwide, causing forest fire control to be one of the highest priorities at the Minis-
try of Forest in Indonesia [9]. There have been various studies addressing the fire problem
[11-14]. However, limited knowledge on fire dynamics including the causes and ecologi-
cal magnitude of fires cause management efforts to be less effective. Therefore, an under-
standing of the role of fires in tropical forest ecosystem dynamics must precede efforts in
fire management and control. This comprises the separation of natural (e.g., drought, high
rainfall) and anthropogenic (e.g., landscape fragmentation) fire risks as well as the rela-
tionship between fire and tropical rainforests.

The objective of this study was to provide information of submontane forest dynam-
ics under the effect of fire, climate, and human activities to support future fire control and
forest management strategies in the face of rapid landscape change and increasing fire
risks. We conducted a paleoecological study on a core taken from submontane Danau
Kecil of KNSP in Jambi to understand: (i) the submontane vegetation, fire, and climate
dynamics in KSNP over the last 2000 years; (ii) the effect of human activities and agricul-
tural practices on the submontane rainforest around Danau Kecil over the last 2000 years;
and (iii) the past land use dynamics regarding the forest management strategies and forest
recovery phases of submontane forest around Danau Kecil. In the paleoecological ap-
proach, we used pollen and spores to reconstruct the vegetation changes and climatic con-
ditions. Macro-charcoal analysis was used to reconstruct the local fire regime. Fossil re-
mains of the mycorrhiza-fungi “Glomus” are used as an indicator of erosion, and X-ray
fluorescence (XRF) analysis is used to interpret disturbances in the lake catchment (e.g.,
past environmental and climate change; anthropogenic activities). The outcome of this
study provides supportive information for future forest management to rehabilitate, re-
store, and conserve the submontane ecosystem including fire control and sustainable de-
velopment strategies in the future.

2. Study Area
2.1. Geography Setting

Sumatra Island forms a biogeographic region between the Asian mainland in the
west and the area of Sundaland in the east [15]. The western part of this island is domi-
nated by the Barisan mountain range, running along the whole length of Sumatra [16]. A
major part of the Barisan Mountains is covered by the Kerinci Seblat National Park
(KSNP), a biodiversity hotspot, and the largest national park in Sumatra [17].
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The lake Danau Kecil (DK) in the KSNP lies at an elevation of 1285 m a.s.l. (Figure 1).
The lake is located about 20 km south of the largest highland lake in Sumatra, Danau
Kerinci. DK is ca. 70 m long and ca. 390 m wide, with a maximum water depth of 12.5 m.
The site is surrounded by rolling hills, partly covered by cinnamon (Cinnamommum bur-
manii) agroforestry and submontane tropical forest. The regional submontane vegetation
is dominated by Fagaceae, Myrtaceae, Lauraceae, Moraceae, and Rubiaceae. Secondary
forest formations as part of the submontane forest majorly consist of Euphorbiaceae (Mac-
aranga), Urticaceae, Moraceae (Ficus), Ulmaceae (Trema), and Gleicheniaceae [15,18]. Now-
adays, the submontane forests surrounding DK have been greatly converted into settle-
ments, cultivated land, and agroforestry (Figure 1c).
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Figure 1. Map of the study area. (a) Location of the studied region, pink area of the Kerinci Seblat
National Park (KSNP) in Sumatra. The red dot shows the location of the study site (Danau Kecil) in
the KSNP and the paleo-precipitation record in the Tangga Cave [19]. (b) The study site: The Danau
Kecil core is marked by the red dot. The red triangles represent unactive volcanoes. Information on
the location of archeological sites and modern villages was derived from Bonatz [5] and Aziz [20].
Data source for the digital elevation model: ASTER GDEM Version 2 from METI and NASA, altitu-
dinal vegetation types were adapted from Laumonier [15], and the location of volcanoes were from
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the Global Volcanism Program [21]-https://volcano.si.edu/ (accessed on 24 August 2021). (c) Land-
use map around Danau Kecil was derived from Sentinel satellite images (USGS database,
https://earthexplorer.usgs.gov; 2020). Dot areas indicate submontane forest, orange areas indicate
grassland and open forest; yellow areas indicate agricultural cultivated land.

2.2. Climate

The Sumatran climate can be classified as a full humid equatorial rainforest climate
(Koppen: Af; [22,23]). Due to its location between the Indian and Pacific Oceans, Sumatra
is influenced by the El Nino Southern Oscillation (ENSO) and the Indian Ocean Dipole
(IOD). During the El Nifio warm phase, Sumatra receives less rainfall than in other years.
Reversely, during the La Nifia cold phase, there is higher rainfall in the region [24,25]. The
IOD is a non-periodic oscillation of sea-surface temperatures in the Indian Ocean. Cooling
waters in the eastern Indian Ocean and droughts in Sumatra are associated with a positive
phase of IOD. The negative phase of IOD brings the opposite phenomenon [26]. Accord-
ing to rainfall data observed from 1970 to 2000 ([27]; WorldClim—Global Climate Data,
http://www.worldclim.org/), the study area has an average temperature of 19 °C, which
changes little during the year and a high annual precipitation rate of 2351 mm yr. The
dry season occurs from June to August with less precipitation (ca. 100-150 mm yr'), and
the major rainy season takes place from October to May.

2.3. History of Agriculture and Land-Use System

Previous palynological investigations in KSNP have shown that forest clearance was
evident at least since 2050 BC [18,28]. This period concurred with the migration of Aus-
tronesian-speaking people to Borneo, Java, Sumatra, and the Peninsular Malaysia from
Taiwan, known as “the early farming dispersal”, about 1550 BC [3,29]. The Austronesians
can be considered as the first inhabitants to engage in agricultural activities and early
farming in Sumatra. Consequently, food production from cultivation gradually replaces
the pre-existing hunter—gatherer activities [29]. These early farming communities marked
the emergence of the local Neolithic period, a crucial event in the history of human occu-
pation in Indonesia [30], indicated by the archeological remains such as axes, pottery,
mats, and nets [16]. Most of the cultivation systems in the area of Austronesian residence
were characterized by shifting and localized swamp cultivation [3]. This cultivation type
is substantiated by evidence of rice cultivation in Sumatra, provided by the paleoecologi-
cal studies of Danau Bento and the Toba Plateau [2,4]. However, evidence of cultivation
associated with permanent forest clearing, which can better attest to the beginning of per-
manent agroforestry, started only about 3000 years ago [3,18,31]. The Bronze-Iron Age
[31] is marked by archeological evidence of elaborate pots and early metalwork [32]. Dur-
ing this cultural phase, humans cultivated rice and other crop plants and were known as
cultivators [16,29].

The Sumatran Bronze and Iron age is followed by the “Megalithic period” from the
10th until the 14th century AD, peaking during the 12th century AD. This period is
marked by archeological finds of stone megaliths and specific burial jars, whereas exca-
vations at Renah Kemumu, Serampas, and Lolo Gedang revealed the remnants of stone
housing during that time [5,33]. Subsequently, during the era of colonialism, the agricul-
tural system in Indonesia experienced extensive transformation. Traditional crops such as
eggplant (Solanum melongena L.), long beans (Vigna spp. L.), and papaya (Carica papaya L.)
were exchanged for valuable cash crops of global interest. These included coffee (Coffea
canephora Pierre ex A. Froehner, C. arabica L.), cinnamon (Cinnamomum burmanii Nees & T.
Nees), rubber (Hevea brasiliensis Willd), tea (Camellia sinensis L.), oil palm (Elaeis guineensis
Jacq.), sugar palm (Arenga pinnata Wurmb.), and damar resin (Shorea javanica Koord &
Valenton) [15,34,35].
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3. Materials and Methods
3.1. Fieldwork, Sediment Description and Dating

The 298 cm long sediment core of Danau Kecil (DK; 101°33'28.45" S, 2°18'36.59" E)
was recovered from the center of the lake (deepest part) in August 2017 by using a Liv-
ingstone piston corer [36]. The coring was conducted as part of a field work campaign by
CRC990-EFForTS subproject A01. Established in 2012, the Collaborative Research Center
990 focuses on ecological and socioeconomic functions and trade-offs of tropical lowland
rainforest and transformation systems (short EFForTS), with subproject AO1 addressing
the long-term vegetation dynamics, plant phenology, and plant—pollinator interactions in
rainforest and rainforest transformations in central Sumatra. Cores were stored under
cold (+4 °C) and wet conditions.

The sediments mainly consist of organic silt with the presence of charcoal and plant
fragments (Figure 2). The lowermost layer (298220 cm) consists of brownish-black silt,
with a high proportion of plant fragments and some fine charcoal debris. The middle core
part (220-100 cm) consisted of dusky-brown silt with small and occasionally bigger plant
fragments. The uppermost part (100-0 cm) presented a fluctuation of dusky-yellowish-
brown, greyish-brown, brownish-black, brownish-grey, and dusky-brown silt with a high
proportion of charcoal and leaf fragments. Sedimentological descriptions and symbols are
illustrated in Sedlog version 3.1 [34]. Eight samples of plant remains, and organic bulk
sediment were sent to the Poznan Radiocarbon Laboratory in Poland for radiocarbon da-
ting (Table 1). The age was calibrated using the Southern Hemisphere SHCal13.14C cali-
bration curve [35]. The age-depth model was performed using the Clam version 2.3.2 [37]
script in R [38].

Table 1. A list of the radiocarbon dates from the DK core.

No. Lab Code Depth Material 14C yr BP cal. yr BP Cale(r:lgl; Age
1 Poz-140430 32 cm Plant remains (seed fragment) 85 + 30 53 1897
2 Poz-132660 37 cm Organic bulk sediment 1550 + 30
3 Poz-141013 87 cm Plant remains (leaf fragment) 210+ 30 157 1793
4 Poz-132661 99 cm Organic bulk sediment 1315 + 30
5 Poz-140493 137 cm Plant remains (leaf fragment) 235 + 30 292 1658
6 Poz-132645 228 cm Organic bulk sediment and plant remains 1355 + 30 1196 754
7 Poz-140517 244.5 cm Plant remains (wood fragment) 2655 + 35
8 Poz-101166 293 cm Plant material (bark, trunk, leaf fragments) 1820 + 35 1710 240
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Figure 2. The lithology and age-depth model of the DK core. Red points represent the outliers.

3.2. Palynological Analysis

A total of 40 samples of the 298 cm long sediment core were taken for palynological
analysis in 8 cm intervals. Each sample, consisting of 0.5 cm? of sediment, was processed
using standard palynological methods following Faegri & Iversen [39]. Pollen and spore
counting was carried out using a light microscope. The pollen grains were counted to a
minimum of 300 grains per sample excluding aquatic pollen, spores, and non-pollen pal-
ynomorphs (NPPs). Pollen and spore identification was based on the modern tropical pol-
len reference collection from Sumatra of the Department of Palynology and Climate Dy-
namics of the University of Gottingen (https://www.uni-goettingen.de/de/97306.html)
and the Australasian Pollen and Spore Atlas (APSA; https://apsa.anu.edu.au/samples/. All
pollen and spore taxa were included in the analysis in which pollen percentages were
calculated relative to the total pollen sum, and fern spores were calculated as the percent-
age of the total pollen and spore sum. Pollen and spore concentrations were calculated
using the exotic marker Lycopodium clavatum [40] and expressed as the number of pollen
grains and spore grains per cm?®. The software StrataBugs® v.2.1 [41] was used to create
the pollen diagram. A few taxa with similar morphology and therefore difficult to sepa-
rate were grouped together such as Moraceae/Urticaceae excluding Ficus, Lithocarpus/Cas-
tanopsis, and Mallotus/Macaranga. Local pollen zones were defined by a cluster analysis,
performed on percentages of all terrestrial pollen using CONISS [42].

3.3. Macro-Charcoal Analysis

Macro-charcoal particles (>125 um) were analyzed in continuous 1 cm intervals along
the core (total 296 samples). Samples of 1 cm?® were processed following the method of
Stevenson and Haberle [43]. Samples were soaked in a 5% sodium hexametaphosphate
solution (NaPOs) to help disaggregate the samples and remove charcoal particles from the
other material. After removing NaPOs, customary bleach was added to remove all organic
material, highlighting dark, inorganic material such as charcoal. The samples were sieved
through a 125 um mesh to remove smaller particles (long distance “background signal”)
for a more local charcoal signal [44,45]. The remaining charcoal particles were identified
and counted under a binocular stereomicroscope. The local fire regime was reconstructed
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using the CharAnalysis software [46] with threshold values on a percentile cut-off of noise
distribution, modeled with a 0- or 1-mean Gaussian and 500 yr to smooth over the fire
frequency and fire return intervals. The raw charcoal counting was interpolated to 7 year
intervals (the median temporal resolution). The charcoal accumulation rate was expressed
as the number of particles cm=2 yr1.

3.4. X-Ray Fluorescence (XRF) Analysis

XRF scans were performed at the Department for Geomorphology and Polar re-
search, University of Bremen, Germany. The XRF elements were measured in counts per
second (cps). Ti, Fe, Zr, K, Pb, Ca, Zn, and Cu were the most dominant elements obtained
from the XRF scanning. In addition, the ratio of Al/K, Rb/Sr, and CIA was calculated to
evaluate the degree of chemical weathering [47-49]. The CIA calculation was initially pro-
posed by Nesbitt and Young [50] and defined as the relative abundance of [Al/(Al + Na +
Ca + K)] x 100.

3.5. Multivariate Statistical Analysis

Multivariate statistical analysis has been conducted to detect the most dominant en-
vironmental factors that are driving vegetation dynamics over time. Identified pollen and
spores were included as relative abundance in the analysis. An unconstrained principal
component analysis (PCA) and detrended correspondence analysis (DCA) were per-
formed to detect patterns in the pollen and spore composition. Pollen and spore data were
square-root transformed to reduce the effect of a skewed abundance distribution and zero
values in the record [51,52]. Furthermore, a constrained ordination (redundancy analysis
(RDA)) was carried out to extract the variation, which can be directly explained by the
environmental variables. The following environmental variables were used: fire fre-
quency as an indicator of local fire dynamics, Glomus concentration as an indicator of soil
erosion, and XRF elements such as Ti, Si, Fe, Zr, and K as indicators of siliciclastic input
into the lake sediment [53,54]. PCA and RDA were computed using CANOCO 5 [52]. In
addition, a simple linear regression was applied to illustrate the relationship between fire
frequency from CharAnalysis [46], paleo-precipitation data from Wurtzel, et al. [19], and
pollen and spore data in percentage. The linear regression model was performed using
Grapher™ from Golden Software, LLC (https://www.goldensoftware.com accessed on 24
August 2021).

4. Results
4.1. Age-Depth Model

The chronology of the DK core was obtained from eight radiocarbon dates (Table 1).
Only radiocarbon dates from macrofossils were accounted in the analysis. Two radiocar-
bon dates of the organic bulk sediment samples (Poz-132660, Poz-132661) taken from the
upper part of the core were excluded, as the sediment layers here (Figure 2) implied pos-
sible fluctuation. The radiocarbon date of the sample Poz-140517 was flagged as an outlier
due to the too-old age. The depth versus age relationship was fitted into a smooth spline
model (Figure 2), suggesting an irregular sediment accumulation in the last 1800 years
(AD 200 to present). From AD 200-1700 (298-122 cm), the sediment accumulation rate was
low, with ca. 0.14 cm yr'. The sediment accumulation rate then strongly increased to ca.
0.54 cm yr! from AD 1700-1940 (122 cm to 18 cm). Afterward, the sediment accumulation
rate decreased to ca. 0.27 cm yr~! from AD 1940 to the present (18-0 cm).

4.2. Palynological Results

In total, 118 pollen and 26 spore taxa were identified in the 40 samples from DK. The
pollen and spores were well-preserved and the pollen concentration was high along the
core (average 120,000 grains cm=). The bottom part (298-254 cm) showed a high pollen
concentration (average 205,000 grains cm-3). The pollen concentration then decreased from
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251 to 110 cm (average 110,000 grains cm), followed by a continuous decrease from 110
to 18 cm (average 97,000 grains cm=). Subsequently, the pollen concentration reached its
lowest level in the upper part of the sediment core from 18-0 cm (average 64,000 grain
cm3).

The pollen diagram displayed the relative abundance of dominant and essential pol-
len and spore taxa, grouped after their ecological affiliation within KSNP (i) submontane
rainforest vegetation (SMF), representing the pollen of plants that are commonly found in
submontane forest; (ii) disturbance/anthropogenic and open vegetation (AOF —herbs and
pioneer trees), representing pollen produced by herbaceous and pioneering plants found
in open areas or are growing fast after disturbance; (iii) ferns; and (iv) non-pollen palyno-
morphs (NPPs).

The pollen taxa were further calculated into the ratio SMF/AOF between submontane
forest taxa (SMF) and disturbance/anthropogenic and opening vegetation (AOF). AOF
vegetation mainly comprises Cyperaceae, Poaceae, Mallotus/Macaranga, Asteraceae, and
Trema. On the other hand, SMF vegetation mainly include Lithocarpus/Castanopsis, Ficus,
Celtis, Bischofia, Alnus, Dacrycarpus, Pinaceae, Podocarpus, Myrtaceae, and Moraceae/Urti-
caceae. The DK record can be divided into three zones according to the main changes in
the palynological composition based on the cluster analysis of terrestrial pollen (CONISS)
and the XRF scanning results (Figure 3).
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4.2.1. Zone DK-1 (298-254 cm; Ca. AD 200-AD 500; 6 Samples)

In this zone, the SMF pollen taxa were dominant (79%), mainly represented by Mo-
raceae/Urticaceae (30%) and Elaeocarpus (13%), followed by Lithocarpus/Castanopsis (3%),
Ficus (3%), Saurauia (2%), Celtis (2%), Myrtaceae (2%), Dipterocarpaceae (1%), particularly
with Engelhardia (2%) and Ilex (4%). The AOF pollen signal (20%) was already present at
the beginning of the core, dominated by pioneer trees such as Macaranga/Mallotus (12%)
and Trema (8%). All other taxa showed low relative abundance (<1%) along the whole
record.

4.2.2. Zone DK-2 (254-110 cm, Ca. AD 500-AD 1760; 18 Samples)

In this zone, the pollen of the SMF vegetation markedly increased (88%), especially
Elaeocarpus (16%). Other taxa also increased including Lithocarpus/Castanopsis (6%), Ficus
(6%), Saurauia (5%), Engelhardia (2.5%), Bischofia (3%), Celtis (4%), and Myrtaceae (3%).
However, llex (2%) and Moraceae/Urticaceae (15%) decreased. The AOF pollen markedly
decreased (12%) mainly due to the decrease in the pioneer taxa Macaranga/Mallotus (6%)
and Trema (2%). There was an increase in small Poaceae (<40 pm) from >1% in zone DK-1
to 2% in this zone.

4.2.3. Zone DK-3 (110-0 cm, AD 1760-Present; 16 Samples)

This zone was further divided into two subzones according to marked changes in the
pollen composition: Zone DK-3a (110-18cm, AD 1760-1940) and zone DK-3b (18-0 cm,
AD 1940 to present). In zone DK-3a, the pollen of the SMF vegetation decreased (83%), led
by the decrease in Elaeocarpus (13%), Ficus (5%), Lithocarpus/Castanopsis (4%), Bischofia
(8%), and Celtis (2%), while Moraceae/Urticaceae (16%) and Saurauia (6%) increased. The
AOF pollen strongly increased (16%) mainly due to Mallotus/Macaranga (7%), Cyperaceae,
and small Poaceae (<40 um), which increased 3% and 5%, respectively. In zone DK-3b, the
sum of the SMF pollen continuously decreased (68%) with a reduction in Elaeocarpus (6%),
Lithocarpus/Castanopsis (3%), Saurauia (3%), Bischofia (2%), and Celtis (1%) pollen, Mora-
ceae/Urticaceae increased (24%) while Ficus remained at 5%. On the other hand, the AOF
pollen increased (30%) including small Poaceae (6%), Asteraceae (11%), Cyperaceae (2%),
Trema (5%), and Mallotus/Macaranga (6%). Poaceae with a grain size >40 pm were frequent
in this subzone.

4.3. X-ray Fluorescence—-Scanning Results

The X-ray fluorescence analysis scans the content of lithogenic elements in the sedi-
ment. The XRF scanning results showed about 23 elements along the core including si-
liciclastic elements such as Ti, Fe, K, Si, Zr, Zn, Cu, and Pb, and carbonate-derived ele-
ments such as Ca and Sr (Figure 4). In zone DK-1, the siliciclastic elements were domi-
nated by Fe (average 6528 counts per second (cps)). Other elements were present in low
values including Ti (485 cps), Zr (279 cps), K (49 cps), and Si (44 cps). In zone DK-2, the
siliciclastic elements decreased, but were still dominated by Fe (4890 cps). Other elements
were low and slightly decreased including Ti (303 cps), Zr (256 cps), K (48 cps), and Si (38
cps). In zone DK-3, the siliciclastic elements significantly increased, with Fe still being the
most dominant element (6489 cps), followed by Ti (528 cps), Zr (408 cps), K (64 cps), and
Si (52 cps). The carbonate-derived element Ca showed a decreasing trend along the core.
In zone DK-1, the Ca concentration was about 366 cps. It then declined to 285 cps in zone
DK-2 and decreased to 237 cps in zone DK-3. Another dominant carbonate element, Sr,
stayed stable along the core with an average measurement of about 200 cps. The values of
other elements including Cr, Al, Mn, Br, Rb, Pb, Ge, Ga, Ni, Cu, Zn, S, P, Cl, Ar, Y, M0inc,
and Moch were stable along the record.
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Figure 4. The X-ray fluorescence scanning diagram for multiple elements measured in the DK core. Each element’s value is expressed as counts per second (cps).
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4.4. Macro-Charcoal and Fire Regime

In general, the macro-charcoal analysis resulted in a low charcoal signal, with few
charcoal counts and a low concentration along the entire DK sediment core (minimum
count = 0 and maximum count = 26). The macro-charcoal concentration registered low
values along the whole core (minimum concentration = 0 and maximum concentration =
22 particles.cm™). In total, eight fire peaks could be distinguished from the background
signal. The global signal to noise index was rather low (1.6), possibly due to constantly
low charcoal counts, causing only a few samples to fall above the threshold to be inter-
preted as a signal. Studying the local signal to noise index (SNI) in more detail, only four
fire peaks fell above a SNI threshold of 3 and could be identified as potentially local fire
signals (red cross, Figure 5a). The mean fire return interval (mFRI) was 245 with a mean
fire frequency of about two peaks per 500 years (Figure 5b,ce). In detail, zone DK-1 (298
254 cm; AD 200-500) showed a higher macro-charcoal concentration (average 5 parti-
cles.cm) and fire frequency (ca. 3 peaks per 500 year) than the following zone DK-2 (254—
110 cm; AD 500-1760) with ca. 1 particles.cm™ and a fire frequency of two peaks per 500
years. In zone DK-3 (110-0 cm; AD 1760—-present), the charcoal concentration increased
again (ca. 4 particles.cm), coinciding with the highest fire frequency along the core (ca. 5
peaks per 500 years, Figure 5c).
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and peak (+} (a)

Cinterpotated: 7yr Coackground’ Wbl b = 271 (148-387)
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Figure 5. The reconstructed fire regime from the DK core was obtained by CharAnalysis (Higuera
et al.,, 2009). (a) Raw charcoal counts were interpolated to 7 yr intervals (Cinterpolated); reconstructed
fire episode inferred fire frequency (fires 500 yr window) with a total of eight fire peaks (black
crosses). (b) Corresponding fire frequency (500 yr window). (c¢) Corresponding mean fire frequency
(500 yr window). (d) Local signal-noise index (SNI). (e) The mean fire return interval (mFRI) was
245 yrs.

4.5. Multivariate Statistical Results

Both PCA and DCA were performed on the square-root transformed data, however,
the unimodular DCA showed a gradient length of 1.4 SD (<2.5 SD). Hence, a linear re-
sponse model (PCA) was more appropriate. PCA was chosen to summarize the change in
palynological composition over time, as shown in Figure 6. Consequently, the PCA results
indicate that 34% of the total variance can be explained by the first (19%) and second (15%)
axes. PC1 aligns with the development stage of submontane forests with taxa such as
Lithocarpus/Castanopsis, Ilex, Elaeocarpus, Engelhardia; PC2 likely coincides with secondary
forest taxa including Trema, Mallotus/Macaranga, Moraceae/Urticaceae, and herbaceous
taxa (Poaceae, Cyperaceae, Asteraceae).
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The results from the RDA indicate that 67% of the variation can be explained by cer-
tain environmental variables, significantly defining changes in the pollen and spore com-
position. The simple effect model revealed the independent effects of individual environ-
mental variables (Table 2a). The conditional effect model summarizes the conditional ef-
fect of each environmental variable after accounting for the effect of the variable enhanc-
ing explained variation (Table 2b). The results from both models showed that only fire
and erosion significantly correlated with the variance in the taxa composition (p < 0.005
adjusted from the false discovery rate). The largest part of the variance for both models
(13.5%) was explained by fire, while erosion simultaneously explained 6.9% and 7% for
both the simple term effect and the conditional term effect, respectively.
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Figure 6. The PCA of the percentage data of identified pollen and spores. Supplementary environ-
mental variables were the fire frequency obtained from CharAnalysis, the non-pollen palynomorph
(Glomus) concentration for erosion, and the lithogenic elements (Ti, Si, K, Cu, Ca, Zr) obtained from
the XRF analysis. The first two eigenvalues accounted for 34% of the total variance in composition
(PC1: 19%, PC2: 15%). (a) Biplots show the representative pollen and spore taxa of each palynolog-
ical group and the environmental variables driving the vegetation change. (b) Biplot species and
samples showed a relationship between the sample and pollen and spore taxa of each zonation. Red
numbers are the estimated age in AD of each sample.
Table 2. The results from the redundancy analysis (RDA).
(@) RDA-Simple Term Effects (b) RDA-Conditional Term Effects
Name Explains (%) Pseudo-F P Name Explains (%) Pseudo-F p
Fire 13.5 5.9 0.002 Fire 13.5 5.9 0.002
Erosion 6.9 2.8 0.004 Erosion 7.0 3.2 0.002
Ca 6.1 25 0.006 Ca 3.8 1.8 0.016
Zr 4.6 1.8 0.018 Cu 3.0 14 0.032
Ti 3.4 1.3 0.164 Ti 2.6 1.2 0.158
Cu 3.1 1.2 0.23 K 2.7 1.3 0.128
Si 2.8 1.1 0.292 Si 2.0 1.0 0.494
K 2.2 0.8 0.642 Zr 1.8 0.9 0.718
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5. Discussion
5.1. Forest Disturbance and Anthropogenic History
5.1.1. Period 1-Forest Opening and Initial Cultivation (AD 200-500, Pollen Zone DK-1)

At the beginning of DK-1, the palynological composition indicates a submontane
rainforest surrounding DK with taxa such as Myrtaceae, Dipterocarpaceae, Elaeocarpus,
and Illex possibly forming part of the canopy [15]. The submontane forest signal is com-
plemented by fast growing pioneer and secondary forest taxa such as Trema, Mallotus, and
Macaranga. This secondary forest signal, coinciding with the presence of Engelhardia as a
prolific and fast-growing tree, indicates a period of succession after disturbance [55].

Indeed, our results (Figure 3) show an establishment of secondary forest, dominated
by pioneer trees such as Trema, Mallotus, Macaranga, and Moraceae/Urticaceae since AD
200. In general, the Trema, Mallotus, and Macaranga communities are widely distributed in
Kerinci as pioneer trees after disturbance [18,56]. The families of Moraceae and Urticaceae
are also part of this natural succession as they include many fast-growing species. Urtica-
ceae species are important components in forest regeneration [57], generally found at the
first stage of colonization in the undergrowth of agroforestry systems and secondary for-
est [15,58]. Moraceae are predominantly found in both primary and secondary forests in
Kerinci [15]. These interpretations were also confirmed by the PCA (Figure 6), showing
that Moraceae/Urticaceae were positively correlated with the pioneer trees Trema and Mal-
lotus/Macaranga. Indicators of forest opening and disturbance, moreover, seem to correlate
with increasing indicators of soil erosion, as displayed by an increasing abundance in Ti,
Si, Fe, Zr, and K (Figure 4). Perhaps canopy openness led to increased surface runoff, and
consequently erosional processes [54]. Human activities probably caused forest opening,
and climate may have also played a role (see Section 5.2).

A potential indication of agroforestry systems around DK is the occurrence and in-
crease in Arenga since 400 AD. Humans probably cultivated Arenga (sugar palm) as a
source of sugar and its fiber [18,59,60]. Our study showed similar results to Morley [18]
and Flenley [61] in the Padang Lake area (about 5 km from the study site) with a rapid
expansion of pioneer trees (e.g., Macaranga, Trema) about 2000 BC as well as the occurrence
of Arenga, which was perhaps cultivated since AD 50. According to 8180 stable isotope
ratios obtained from the Tangga cave (Figures 1a and 8; [19]), the development of Arenga
in this period aligns with drier conditions from AD 350-660 (see Section 5.2). However,
Arenga trees develop best under high rainfall conditions [62]. Perhaps the occurrence of
Arenga in the DK record, despite drier conditions during this period, indicates that it was
planted in closer proximity to the lake for sufficient irrigation. There is little archeological
information during this period, except that the people who settled in the area conducted
agriculture [29]. In this pollen record, the decline in submontane forest components such
as Lithocarpus/Castanopsis, Dipterocarpaceae, Bischofia, and the growing Arenga sugar palm
suggests that the forest has possibly been exploited for timber production and agricultural
practices, possibly indicating the intensification of human activities in the forest. On the
other hand, climate change may also affect the decline in a submontane forest signal (cli-
matic conditions are discussed in Section 5.2)

In addition, the CharAnalysis results showed higher fire frequencies, with one fire
peak (SNI threshold > 3), indicating that fires might be associated with forest opening.
This is reflected in Figure 7; within four explanatory variables, only AOF vegetation had
a significant effect on the fire frequency with a sharp positive slope, indicating that the
fire frequency increased after forest disturbance (Figure 7a). In contrast, a higher propor-
tion of submontane vegetation (SMF/AQF) contributes to a lower fire frequency, as shown
by the curve (Figure 7b). The residual model between the fire frequency and paleo-pre-
cipitation record from Tangga Cave [19] did not show a meaningful correlation (Figure
7¢). This finding suggests that the forest opening and closed canopy forest may play a
more important role for the occurrence of fires than climatic factors. Consequently, the
probability of fire appearing in the open forest will be higher than in a closed canopy
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forest. However, this interpretation should be handled with care as the open forest signal
coincides with an increase in erosion indicators. While forest opening and increased sur-
face runoff may have led to erosional sediment input into the lake, this additional sedi-
ment influx may lead to false charcoal peaks (e.g., [63]). On the other hand, the results of
the PCA (Figure 6) only displayed a similar direction in the environmental variable “fire”
and “Ti”, while “erosion” (Glomus) and other siliciclastic elements such as “Si” or “Fe”
did not align with fire and/or go into the direction of AOF.
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Figure 7. Fitted simple linear regression to model the relationship between (a) fire frequency vs.
disturbance/anthropogenic and opening vegetation (AOF%). (b) Fire frequency vs. submontane
vegetation (SMF/AOF). (c) Fire frequency vs. paleo-precipitation record. (d) Vegetation paleo-pre-
cipitation record. Variables used: Fire frequency from CharAnalysis [46], paleo-precipitation data
from Tangga Cave [19], and vegetation from palynological data in percentage.
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5.1.2. Period 2-Submontane Forest Regeneration and Initial Agroforestry (AD 500-1760,
Pollen Zone DK-2)

This period is marked by the regeneration of the submontane forest, as shown by an
increase in Lithocarpus/Castanopsis, Celtis, Ficus, Myrtaceae, Bischofia, and other taxa, while
pioneer trees such as Mallotus/Macaranga and Trema are decreasing. On the other hand, an
increase in Poaceae pollen indicates more open forest areas, facilitating the growth of her-
baceous taxa [28]. Around the lake, Elaeocarpus remained stable, while Ilex showed a de-
creasing trend after reaching its maximum at ca. AD 430. Possibly, this indicates a change
in the water level, causing less suitable conditions for llex to grow along the lake shore.
The regrowth and compositional change in the submontane forest is possibly driven by
high rainfall conditions, perhaps causing a change in the water level (see Section 5.2).

Regarding human activities, the continuous occurrence of Arenga since AD 500 can
be traced from the pollen record (Figure 3), implying that humans have continuously
planted sugar palm in proximity to the lake, suggesting the establishment of traditional
agroforestry systems around Danau Kecil. Traditional agroforestry relied on forest gaps,
enabling the planting of crops without interrupting natural forest recovery [59]. Forest
regeneration, together with cash crops (Arenga), suggests a possibly intensive integration
of forest vegetation and stable crops [60]. This agroforestry system was common in Indo-
nesia, where agriculture was integrated in natural forest areas to form a mosaic of natural
rainforest and agro-forestry systems [15]. However, starting from ca. AD 860, Arenga de-
creased and eventually almost disappeared. This dynamic suggests that the area around
the lake was somehow not suitable or convenient for growing Arenga.

In the upper part of DK-2 (ca. AD 1300), Dipterocarpaceae strongly increased. This
was followed by the reoccurrence of Arenga, ca. AD 1400, albeit in low frequencies. Per-
haps the reestablishment of Arenga was again related to agricultural activities, reintroduc-
ing Arenga as a crop in the region. However, Arenga pollen only reached a low abundance
(<2%). It is difficult to differentiate whether the synchronous increase in Dipterocarpaceae
pollen is related to a shift toward suitable environmental conditions and/or human influ-
ence (plantation or protection). However, considering that the Srivijaya-Melayu Kingdom
occupied most of the Jambi lowlands as well as south Sumatra between the 7th—14th cen-
turies AD, it is possible that an increase in Dipterocarpaceae pollen is related to diptero-
carp agroforestry and/or protection efforts, especially since Dipterocarpaceae formed a
valuable source of timber and damar resin. The Srivijaya-Melayu realm was predomi-
nantly a maritime kingdom and coastal trading center. With the majority of trading being
carried out by sea, available ships and shipbuilding were an essential component of the
kingdom'’s success. Notably, both timber and resin from Dipterocarpaceae was used do-
mestically for shipbuilding, where resin was majorly used for varnishes and boat caulking
[64-66]. In this context, the high increase in Dipterocarpaceae could be interpreted as a
signal of dipterocarp agroforestry, where Dipterocarpaceae were intermixed in a natural
secondary forest. This is an interesting example of sustainable and complex past agrofor-
estry in Sumatra, where the garden is ecologically part of the forest, but managed as an
agricultural system [67]. Anyhow, it is just as likely that climatic and/or site-specific con-
ditions changed in favor of both the Dipterocarpaceae and Arenga taxa, promoting their
expansion. Moreover, between AD 900 and 1300, the population within the area of Kerinci
territory possibly expanded into the proximity of DK, as indicated by archeological finds
such as burial jars, a megalithic tomb, and a processed stone, formerly connected to a
house of a small-scale settlement (Bonatz et al., 2009; Tjoa-Bonatz, 2009). As they were
found in close proximity to DK, these remains suggest a nearby settlement and would
explain human activity such as forest use or plantations in the surrounding submontane
area.
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5.1.3. Period 3-Intensification and Permanent Agroforestry System (AD 1760 to Present,
Pollen Zone DK-3)

DK-3 is characterized by a high abundance of Dipterocarpaceae pollen, while other
rainforest taxa such as Lithocarpus/Castanopsis, Bischofia, and Elaeocarpus decreased (Figure
3). The increasing abundance of Dipterocarpaceae align well with historical reports of per-
manent Dipterocarpaceae plantations for resin production [15,68,69]. In 1783, a British his-
torian visited South Sumatra and noticed that people had planted Shorea javanica trees for
resin production [70]. Since AD 1783, damar resin production has been recognized as an
important component of Sumatra’s economy and become one of Sumatra’s most im-
portant international commodities [71]. Before the introduction of petrochemical resins in
1945, damar resin was a component of various industrial substances (e.g., industrial var-
nishes, paint [66]). Damar resin was first exported to America and Europe in the 1830s
[72]. Later, the export volume of resin from Sumatra exceeded 280 tons in AD 1843 [70].
Therefore, an increase of Dipterocarpaceae pollen in the DK record since ca. AD 1820 may
indicate human made plantations of Dipterocarpaceae for damar resin extraction. How-
ever, suitable environmental conditions may again play a role in this development.

Furthermore, in DK-3, Poaceae started to increase and remained stable afterward.
Cyperaceae also increased and slightly decreased in the mid 1800s. This suggests increas-
ing areas of forest opening, perhaps as a consequence of intensified agriculture. A high
peak magnitude and two distinct fire peaks with a high signal-to-noise index (Figure 5)
would substantiate the assumption of increasing agricultural activities, perhaps including
slash and burn practices. This coincides with Bonatz [5], stating that during the Dutch
occupation, various settlements by the hill sites were forced to move to the valley to pro-
mote the expansion of rice cultivation as well as the cultivation of cash crops (e.g., coffee,
cinnamon; [68]). In the same period around ca. AD 1940, large Poaceae pollen (>40 pm)
notably also increased, together with an increase in Asteraceae. Large Poaceae pollen,
originating from cultivated grasses, could indicate rice cultivation in flat areas around DK.
Compared to other records of early rice cultivation in Kerinci, the plantation of rice
around DK started rather late. This might be due to the fact that the landscape around DK
is rather steep and therefore not ideal for rice cultivation. Anyhow, the cooccurrence of
Asteraceae (Erigeron type) supports the assumption of rice plantations around DK. Aster-
aceae such as Erigeron sumatrensis often grow as weeds in rice fields as well as in recently
burned areas, indicating strong disturbance [73].

The increased siliciclastic input of Si, Ti, Fe, K, and Zr (Figure 4) indicates stronger
mechanical erosion related to intensive surface runoff and sediment transportation within
this period [54]. The soil exposure, related to human activities in this period, might have
caused serious soil erosion and sediment deposition into the lake. The increase in Glomus
fragments (Figure 3) further confirms intensive soil erosion [74]. As above-mentioned, it
should be considered that an increased signal of erosion correlating with an increased fire
signal might indicate the formation of false charcoal peaks.

5.2. Role of Climate on the Vegetation Dynamics

Climate variability is another important factor driving vegetation change in Sumatra
aside from anthropogenic activities (e.g., [69,75]). According to the 5180 record from
Tangga Cave [19], precipitation in West Sumatra has fluctuated between drier and wetter
climatic conditions since AD 200 (Figure 8). Between ca. AD 350-660 and AD 1100-1460,
Tangga Cave showed the maximum 0180 values, indicating the driest period in Sumatra
[19,76]. On the other hand, the decrease in 8180 values in the period from AD 660 to 1100
and AD 1460-1750 suggests an increase in precipitation in Sumatra [19,76]. The increase
and decrease in precipitation somehow affected the development and degradation of for-
ests, inferring the change in vegetation (SMF/AQF) as well as Lithocarpus/Castanopsis, Ilex,
Engelhardia, and herbaceous taxa can be used as climatic indicators in our study (Figure
8).
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Figure 8. A palynological diagram of the DK core represents the total sum pollen and spore taxa for each ecological group, non-pollen palynomorph concentrations
(Glomus), CharAnalysis results (macro charcoal concentration, fire peaks (red cross: fire peaks with a high SNI >3), peak magnitude, and fire frequency), XRF data
(Ti, K, Fe, AI/K) and the climate data (paleo-precipitation record from Tangga Cave [19]).
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Our pollen record (Figure 8) showed the high ratio SMF/AQF in three periods: AD
200-350, AD 660-1100, and AD 1460-1750. This coincides with the low value of 5180,
indicating a period of high precipitation [19]. The growth of Engelhardia, Elaeocarpus, and
the high ratio of SMF/AOF seems to correspond to the increase in precipitation. It is likely
that 200 years is the average time for forests to recover in favorable climatic conditions. In
contrast, the high value of 8180 from AD 350 to 660 and AD 1100-1460 indicates a dry
period [19], accompanied by an amplification in ENSO events [76,77]. This coincides with
a decrease in SMF/AQF in the DK record (Figure 8). In particular, the driest period of the
record between AD 350 and 650 was associated with a peak of Lithocarpus/Castanopsis and
Ilex in the DK profile at AD 550. This result is consistent with the study by Zeist, et al. [78]
in Seitu Gunung and Telaga Patengan in West Java, suggesting that an increase in Litho-
carpus/Castanopsis reflects a drier climate. Moreover, the peak of Ilex may suggest more
suitable conditions for llex along the lake shore, perhaps due to a lower water level, which
in turn allowed for more area to be populated, as the lake is usually surrounded by steeper
slopes. This explanation seems reasonable when combined with the 8180 data from
Tangga Cave [19] in which the dry season and reduced rainfall may have led to a decrease
in water level. Furthermore, as local burning can also be caused by wildfires, a fire peak
with a high signal-to-noise index could also reflect the wildfires during the dry season.

6. Summary and Conclusions

The multi-proxy analyses from the Danau Kecil (DK) sediment core allowed for the re-
construction of the vegetation and human impact in the Kerinci area since AD 200. The forest
dynamics can be categorized into three periods, displaying the progression from forest open-
ing to agriculture around DK. Initially, forest logging and landscape opening for possible
Arenga sugar palm cultivation may have caused a decrease in submontane forest and the ex-
pansion of pioneer trees at the beginning of AD 200-500. Human activities are likely to be the
main factor for the reduction in submontane forests, leading to enhanced soil erosion. The
second period from AD 500 to 1760 was marked by the regeneration of the submontane forest
with climax species such as Bischofia, Celtis, and Lithocarpus/Castanopsis. Dipterocarpaceae in-
creased strongly after AD 1300, followed by Arenga ca. AD 1400, perhaps indicating efforts to
manage the forest again with profitable crops such as sugar palm (Arenga pinnata) and Dipter-
ocarpaceae for timber and resin extraction, supported by suitable natural conditions. Within
this period, high precipitation possibly played the main factor contributing to the regrowth of
the submontane forest. The last period from AD 1760 showed a decrease in the submontane
forest taxa while Dipterocarpaceae were still well-developed. This could indicate the develop-
ment of forest cultivation and expansion of the agricultural area, possibly through rice culti-
vation, into the flat areas of the valley. Agroforestry became more permanent by replacing
natural vegetation in the forest with valuable trees such as Dipterocarpaceae. Furthermore,
the increase in human activities and the expansion of farming probably explains the increased
soil erosion.

This study may contain a few uncertainties. Aside from the limitations of paleoecological
reconstruction (e.g., pollen preservation, pollen source area, sample resolution etc.), we expect
erosion events to have influenced the upper and lower part of the core, possibly causing irreg-
ular sediment input. This may have possibly led to inconsistent C14 dates of the organic bulk
sediment and false charcoal peaks. Second, the relationship between past precipitation and
vegetation transpired to be rather unclear, affirming the need for further studies on this topic
within the area. The incorporation of further climatic variables that affect the phenology such
as regional precipitation variability and temperature could help to better distinguish climate
induced changes in the vegetation [79,80]. Finally, archeological evidence and records are
sparse in the area, only allowing for limited assumptions on past human—forest interactions.
As paleoecological studies within the KSNP are also limited, there are only a few comparative
records. More studies are required to understand the paleoecological background, forest dy-
namics, and past land use of the KSNP.



Forests 2022, 13, 1473 20 of 23

Despite this, in our results, the regeneration of the submontane forest took place
about 200-300 years after disturbance. Therefore, 200 years is likely to be an efficient time
to recover/regenerate the vegetation. Furthermore, our results indicate that a higher fire
frequency can be significantly explained by forest opening. Therefore, maintaining a
closed canopy should be a priority to reduce the wildfire risk, caused either by humans
and/or natural conditions. In conclusion, we emphasize the need to preserve a closed can-
opy and to uphold forest restoration concession licenses over at least 200 years. Further-
more, well-designed residential and agricultural areas, integrated close to the natural for-
est, should also be considered.
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