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Abstract: Peatlands are shaped by slow litter decomposition, but threshold decomposition rates
that allow peat formation remain unclear. Can agroforestry in the tropics be compatible with
paludiculture that allows peat formation? We explored the determinants of litter decomposition
in wet agroforests adjacent to tropical peatlands in Central Kalimantan (Indonesia) by litterbag
studies (up to 16 weeks) with standing litter sources to estimate rate constants, characterize litter
quality (especially lignin (L), polyphenolics (Pp) and nitrogen (N)), and monitor temperature and
groundwater levels. In litter transfer experiments we tested for home-field advantage (HFA) effects
between land cover types. Mean residence times around 85 weeks at 27 ◦C were associated with
a high (L + Pp)/N ratio. However, in the crossover treatments, mean residence times varied from
30 to 180 weeks and strong HFA effects (up to 80% faster decomposition at “home”) were found when
litter from other sources was tested in old fruit-based agroforests. HFA indicates a local decomposer
community well-adapted to its normal litter diet. Litter residence times of around two years are
below the apparent peat formation threshold. Maintaining wet agroforest conditions adjacent to
peat domes supports peatland rewetting and restoration but does not contribute to on-site peat
formation processes.

Keywords: Hevea brasiliensis; home-field advantage; litter quality; paludiculture; residence time;
restoration

1. Introduction

The existence of peat soils in the tropics has puzzled scientists studying temperate
and subarctic (boreal) peatlands [1]. In the latter, temperature limits soil biological activity
and allows even low rates of necromass production to exceed decomposition rates. This
starts an accumulation process of dead organic matter that alters the hydrology and creates
anaerobic conditions that further slow-down decomposition. Blocking access to nutrient
sources in the subsoil, or brought in by streams, further supports oligotrophic vegetation
with associated slow decomposition rates. Thus, a positive feedback loop reinforces the
incomplete decomposition of necromass inputs and enhances conditions for peat formation.
Thresholds for the start of this feedback loop, however, remain unclear. Under tropical
conditions (temperatures typically above 20 ◦C), anaerobic conditions play a prominent
role in maintaining peat soils, but the initial cause of slow decomposition may be olig-
otrophic conditions and flat terrain where hydrological separation from riverine (or marine)
sedimentation and nutrient sources can be expected to occur (Figure 1).
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Figure 1. Rate of breakdown and formation of soil organic matter (SOM) as related to temperature, 
hydrological, and plant–soil ecological controls (modified from [1]). 

The transition from mineral to peat soil conditions can be more gradual when trees 
in peat swamps are rooted in underlying mineral soils. The pioneering research of tropical 
peatlands in Indonesia initiated by Dr. Betje Polak [Error! Reference source not found.] 
showed an example of such rooting patterns and clarified the palynological and historical 
dimensions of peat profiles. Her research showed limits to the agronomic opportunities 
for crops in deep peat soils, and towards the end of her life, she warned against the de-
structive types of peat reclamation that were emerging. Early estimates of the area covered 
with peat in Indonesia of about 16.5 million ha [Error! Reference source not found.] have 
since been refined by imposing a threshold peat depth of more than 50 cm and finding 
13.4 million ha met this condition [Error! Reference source not found.], with the reclassi-
fication of wetland soils in Southwest Papua being responsible for most of the difference. 

Drainage of peat swamp forest to facilitate agricultural use and conversion to fast-
growing timber or oil palm plantations has turned a continuous but modest sink for at-
mospheric CO2 through peat formation into a substantial source. For example, a compar-
ison of annual net ecosystem CO2 exchange (NEE) based on eddy-covariance data was 
conducted between peat swamp forest on deep peat in Malaysia and oil palm on drained 
soils in the same region during the same period. The oil palm emitted 9.9 Mg C ha−1 year−1, 
while the forest absorbed 1.4 Mg C ha−1 year−1. A large amount of plant debris left in the 
plantation probably contributed, according to the authors, to the large NEE through de-
composition, while the forest litter contributed to peat formation [Error! Reference source 
not found.]. Drainage of peat areas also increases the risk that fires spread, with dramatic 
consequences for human health, as well as greenhouse gas emissions as what accumulated 
over many years is released in a short period of time [Error! Reference source not 
found.,Error! Reference source not found.]. 

Much of contemporary peat research in Indonesia is understandably focused on re-
storing, through various approaches to canal blocking, the hydrological controls lost 
through drainage for agricultural use [Error! Reference source not found.]. The thresholds for initial, 
aerobic excess of necromass formation over its decomposition remain poorly quantified, 
however, and triggered our current research (Figure 2). 

Figure 1. Rate of breakdown and formation of soil organic matter (SOM) as related to temperature,
hydrological, and plant–soil ecological controls (modified from [1]).

The transition from mineral to peat soil conditions can be more gradual when trees in
peat swamps are rooted in underlying mineral soils. The pioneering research of tropical
peatlands in Indonesia initiated by Dr. Betje Polak [2] showed an example of such rooting
patterns and clarified the palynological and historical dimensions of peat profiles. Her
research showed limits to the agronomic opportunities for crops in deep peat soils, and
towards the end of her life, she warned against the destructive types of peat reclamation
that were emerging. Early estimates of the area covered with peat in Indonesia of about
16.5 million ha [3] have since been refined by imposing a threshold peat depth of more
than 50 cm and finding 13.4 million ha met this condition [4], with the reclassification of
wetland soils in Southwest Papua being responsible for most of the difference.

Drainage of peat swamp forest to facilitate agricultural use and conversion to fast-
growing timber or oil palm plantations has turned a continuous but modest sink for atmo-
spheric CO2 through peat formation into a substantial source. For example, a comparison
of annual net ecosystem CO2 exchange (NEE) based on eddy-covariance data was con-
ducted between peat swamp forest on deep peat in Malaysia and oil palm on drained soils
in the same region during the same period. The oil palm emitted 9.9 Mg C ha−1 year−1,
while the forest absorbed 1.4 Mg C ha−1 year−1. A large amount of plant debris left in
the plantation probably contributed, according to the authors, to the large NEE through
decomposition, while the forest litter contributed to peat formation [5]. Drainage of peat
areas also increases the risk that fires spread, with dramatic consequences for human health,
as well as greenhouse gas emissions as what accumulated over many years is released in a
short period of time [6,7].

Much of contemporary peat research in Indonesia is understandably focused on
restoring, through various approaches to canal blocking, the hydrological controls lost
through drainage for agricultural use [8]. The thresholds for initial, aerobic excess of
necromass formation over its decomposition remain poorly quantified, however, and
triggered our current research (Figure 2).

Peat formation depends on a phase transition in a gradual process of slowing de-
composition rates that lead to wetter (and potentially anaerobic) conditions as a positive
feedback loop and eventually to residence times that may become hundreds of years [9].
Decomposition of above- and below-ground litter closes nutrient cycles that started with
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uptake by plants and bring nutrients back to the root zone [10]. Rates of litter decom-
position vary across ecosystems [11–13], as has been a focus of soil biological research,
aimed at biological management of soil fertility [14,15]. Before decomposing, litter protects
the soil from erosion on sloping lands [16], and it is a temporary carbon pool, part of the
international C accounting standards [17]. The ratio of average standing stock and annual
litterfall equals the mean residence time [16], which is inversely related to the “quality” of
litter. The metric that has been found to be the most effective single indicator of “quality” in
this respect was derived to describe digestibility for ruminants: the ratio of lignin (L) plus
polyphenols (Pp) and nitrogen (N), (L + Pp)/N [18]. The lower the quality, the longer litter
stays in the system, reducing nutrient uptake and, potentially, subsequent litter quality [19].
The accumulating organic matter supports an oligotrophic and acid system independent of
the mineral soil below the peat or nutrient-enriching river flows depositing sediment and
where plants with special adaptations to supply oxygen to their roots dominate [20]. In
this positive feedback loop towards peat formation, the initial thresholds of lower quality
and slower decomposition in interaction with hydrology and anaerobic conditions are not
well known, especially for tropical countries where temperature does not limit biological
activity by decomposers, as it does in temperate and arctic zones where peat formation
is common [20].
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Figure 2. Authors’ synthesis of factors that can influence the threshold between mineral and peat
soils depending on decomposition rates (3) that depend on litter quantity and quality (2) and soil
conditions, which depend on water balance (1, and thus on climate, evapotranspiration, and drainage),
vegetation, and fire incidence (4).

Possible thresholds of peat formation are relevant for policy designs and decisions
matching the current interest in restoring tropical peatlands that were degraded by drainage
and fire [21,22]. The prioritized actions of canal blocking to achieve rewetting may not
be sufficient to trigger the process [21,23,24]. Wet conditions are not sufficient for peat
formation if nutrient availability is high and decomposition is not retarded by low litter
quality [25]. Expectations that peatland restoration can be achieved within productive
forms of land use, such as “paludiculture” [26] or “agroforestry” [27], may be too optimistic
if nutrient supply requirements for plant growth are to be met. Paludiculture, defined
as the productive use of wet and rewetted peatlands, is seen as a highly desirable land
use, currently on the margin of what is feasible in tropical conditions [27]; with lower de-
composition rates in the temperate zone, peat formation is less dependent on oligotrophic
conditions [28,29]. It remains an open question whether or not productive wet tropical agro-
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forests can cross the threshold to peat formation. Earlier analyses of litter decomposition in
agroforests [30] on mineral soils have found results similar to those for natural forests [31].

In our earlier analysis [32] of land use by the Dayak Ngaju people of Pulang Pisau Re-
gency in Central Kalimantan, the recognized importance for local livelihoods of the narrow
zones between rivers and peat domes was found to match its role in peatland preservation
and restoration, as the agroforests tolerate high groundwater levels (with values up to
−15 cm in the rainy season; [33]). These agroforests on mineral soils but in the transition
to peat soils offer an opportunity to understand determinants of litter decomposition and
possibly identify thresholds where the peat formation can start. In the agroforests, a range
of local fruit trees (including various types of durian and a forest mango) are combined
with rubber (Hevea brasiliensis) as a marketable commodity that derives from Amazonian
floodplains and tolerates wet conditions. The soils have low pH and high exchangeable
Al3+ concentrations and are considered to be of low quality for agriculture. Yet, they have
supported sustainable livelihoods for more than a century [33].

In process-level understanding of decomposition, the relative importance of litter
quality as an internal factor [34,35] and the soil characteristics as an external factor remain
contested [36,37]. Internal factors include not only the chemical attributes, such as lignin
that is hard to digest and polyphenols that can immobilize nitrogen, but also physical
attributes, such as silica deposits, that can slow down comminutors among the soil biota [38].
External factors include rainfall, seasonal patterns in temperature and air humidity [39],
soil biota, and soil factors such as nitrogen supply needed to digest materials of low-
quality litter [40–42]. In mixtures of litter types with different qualities, interactions have
been attributed to effects on nutrient supply to decomposers [43]. In specific situations,
concentrations of Mn rather than N may influence decomposition rates [44].

On the interface of external and internal factors, there has also been interest in the
concepts of home-field advantage (HFA) and priming [45]. HFA [46–48] can derive from
specific adaptations of soil biota to local litter sources that account for higher rates of
decomposition “at home” rather than as “guest” in neighboring habitats [49,50]. Negative
values of HFA have been tentatively attributed to the effects of dietary diversity on decom-
poser activity [51]. Negative HFA values may in part be due to “priming”, where external
N supply allows the decomposing microbial biomass to form, which leads to increased
rates of decomposition and N mineralization [52,53]. HFA effects on litter decomposition
have, to our knowledge, not been clarified in the context of the threshold for tropical
peat formation.

A study in a temperate peatland in the USA [54] explored the balance between internal
and external nutrient control over decomposition and mineralization and found water
tables to dominate and external nutrient supply not to speed up decomposition in crossover
experiments between habitats and litter types. Research on peatlands in New Zealand [55]
found that surface litter decomposition constants (0.12–0.80 year−1) decreased from early
to late successional species but that decomposition was slower at more waterlogged early
successional sites. Elsewhere, drying and rewetting conditions were shown to differentially
affect the mineralization of fresh plant litter and existing soil organic matter [56], indicating
that effects of groundwater levels, the water content in the topsoil, and the humidity of the
air may all influence the rates of decomposition.

In view of the scarcity of studies on wet or drained mineral soils in tropical peatland
landscapes and the possible contributions wet agroforestry might make to not only pro-
tect adjacent, rewetted peat but also allow sustainable use and store carbon, the specific
questions for our study were:

1. How do rates of litter decomposition vary among agroforestry habitats (land cover
types) on mineral soils but in peatland landscapes that differ in depth of drainage?

2. How strong are home-field advantage (HFA) effects between the various habitat types
when tested in a crossover experiment?

3. Can HFA effects be related to soil and microclimatic conditions and/or to specific
aspects of litter quality that may favor adapted decomposer communities?



Soil Syst. 2022, 6, 19 5 of 21

In the discussion, we will relate the answers to these questions to the thresholds of
peat formation when decomposition slows down further.

2. Material and Methods
2.1. Research Location

As described in two previous studies [32,33], the research location in Henda village
is along the Kahayan River in Central Kalimantan, Indonesia (Figure 3). At an elevation
of 0–5 m above sea level, the climate is tropical, with a mean annual temperature of 26 ◦C;
a mean annual rainfall of 3194 mm; and 7 wet, 3 moist, and 2 dry months [57,58]. The
research took place in the period October 2018–January 2019, in the beginning of the
rainy season.

Soil Syst. 2022, 6, x FOR PEER REVIEW 5 of 22 
 

 

plant litter and existing soil organic matter [Error! Reference source not found.], indicating that effects 
of groundwater levels, the water content in the topsoil, and the humidity of the air may 
all influence the rates of decomposition. 

In view of the scarcity of studies on wet or drained mineral soils in tropical peatland 
landscapes and the possible contributions wet agroforestry might make to not only protect 
adjacent, rewetted peat but also allow sustainable use and store carbon, the specific ques-
tions for our study were: 
1. How do rates of litter decomposition vary among agroforestry habitats (land cover 

types) on mineral soils but in peatland landscapes that differ in depth of drainage? 
2. How strong are home-field advantage (HFA) effects between the various habitat 

types when tested in a crossover experiment? 
3. Can HFA effects be related to soil and microclimatic conditions and/or to specific 

aspects of litter quality that may favor adapted decomposer communities?  
In the discussion, we will relate the answers to these questions to the thresholds of 

peat formation when decomposition slows down further. 

2. Material and Methods 
2.1. Research Location 

As described in two previous studies [32,33], the research location in Henda village 
is along the Kahayan River in Central Kalimantan, Indonesia (Figure 3). At an elevation 
of 0–5 m above sea level, the climate is tropical, with a mean annual temperature of 26 °C; 
a mean annual rainfall of 3194 mm; and 7 wet, 3 moist, and 2 dry months [Error! Reference source 

not found.,Error! Reference source not found.]. The research took place in the period October 2018–January 
2019, in the beginning of the rainy season. 

 
Figure 3. Location of research in Henda village, Pulang Pisau Regency, Central Kalimantan, Indo-
nesia (using Google Earth imagery available in January 2022). 
Figure 3. Location of research in Henda village, Pulang Pisau Regency, Central Kalimantan, Indonesia
(using Google Earth imagery available in January 2022).

The current research focused on four habitats (land cover types) within the agroforest–
tree crop continuum in the landscape, which were characterized as [33]:

1. Fruit agroforest (FAFo), closest to the village and probably an older location of the
village that shifted slightly to the south. Some of the trees are, according to local
sources, at least one hundred years old. Important local fruit trees include “cempedak”
(Artocarpus integer), “manggis” (Garcinia sp.), “rambai” (Baccaurea motleyana), “langsat”
(Lansium domesticum), and “paken” (Durio kutejensis). There are also rubber
(Hevea brasiliensis) trees in the plots.

2. Old rubber agroforest (RAFo), planted with rubber around 150 years ago and re-
lying on natural regeneration of these trees within the plot, along with local fruit
trees including cempedak, rambai, durian (Durio sp.), “binjai” (Mangifera caesia), and
rambutan (Nephelium lappaceum).

3. Young rubber agroforest, (RAFy), planted with rubber around 30 years ago (ac-
cording to local informants) and similar in tree composition to the RAFo plots.
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Local trees include “hampalam” (Mangifera sp.), manggis, rambutan, and “sentol”
(Sandoricum koetjape).

4. Rubber monoculture (RMOy), also planted around 30 years ago, with a higher rubber
density, but still containing some local trees such as durian, rambutan, and cempedak.
In the terminology used in [32,33], systems with >85% of basal area belonging to the
dominant system are labeled as “monoculture”.

2.2. Soil, Microclimate, and Vegetation Characteristics

Characteristics of the soil were measured with standard physical and wet chemistry
analytical methods [33]. Measured Corg concentrations were compared to what could be
expected for a soil of similar texture and pH in Indonesia [59]. In addition, microclimate
measurements of soil temperature and relative humidity were collected in three replications
in the four habitats, close to the locations of the litterbags. Air humidity was measured
in the shade at 1 m above the soil surface with a thermo-hygrometer (Haar-Synth-Hygro,
Wertheim, Germany) and soil temperature was measured at 5, 15, and 25 cm depth with
a digital thermometer (iTUIN) from October 2018 to January 2019 at weekly intervals at
7 a.m. and 2 p.m. At the start of the study, hourly measurements taken for three days
confirmed that 7 a.m. readings are close to the daily minimum temperature and 2 p.m.
ones usually represent the daily maximum.

Characteristics of the vegetation in the four habitats were earlier described in [33],
with the exception of the thickness of and necromass in the litter layer. Litter thickness
was assessed by lightly compressing the litter (above the mineral soil layer) in a caliper
and recording the results on six locations for each of three subplots in each of the habitats.
Litter necromass data were collected in parallel with the earthworm sampling of three
50 cm × 50 cm monoliths per subplot, reported in [33].

2.3. Litterbags

Freshly fallen leaves and twigs were collected from the soil surface in the various land
covers as a basis for the litter decomposition studies. Air-dried litter was chopped to a
maximum size of 5 cm before filling the plastic litterbags of 30 × 25 × 2 cm, 5 mm mesh
size [14,60], to a specified weight (equivalent to 62 to 67.5 g dry weight, depending on
initial estimates of standing litter stocks in the four habitats and the relative water contents
of the litter types). In total, 84 litterbags were prepared for each of the four litter sources,
with three replicates sampled at each of seven time intervals (1, 2, 4, 6, 8, 12, and 16 weeks)
in each of the four habitats. Litterbags were preidentified for the various sampling intervals
and placed in a random design within a designated test area in the litter layer (with existing
layer removed so that litterbags were in contact with the mineral soil). At the time of
sampling, 48 (4 × 4 × 3) litterbags were carefully lifted and transferred to a plastic bag
to minimize the risk of loss during transportation to the laboratory. Litter samples were
floated in a bucket of water to remove soil particles, drained in a filter, and air-dried. After
further drying in an oven at 70 ◦C for 72 h, dry weight was determined. For the analysis,
the remaining dry weight in each sample was expressed as a ratio to the initial amount.

Samples of the initial litter dried at 60 ◦C for 48 h [61] were analyzed for the concen-
trations of polyphenols (extraction of 0.1 g of plant material with 50 mL of a 50% (v/v)
methanol–water mixture, response to Folin–Ciocalteu reagent calibrated with a tannic acid
standard after [14]), N (Kjeldahl method in [14,62]), cellulose, and lignin [63]. The latter
method is based on the residual weight of samples following successive removal of various
tissue constituents: The first step oxidizes soluble organic components and defines acid
detergent fiber (ADF: lignin + cellulose + insoluble minerals) based on boiling for 1 h in
cetyltrimethylammonium bromide 1 N-H2SO4, followed by filtering, drying, and weighing.
The next step breaks down the cellulose for 3 h at 20 ◦C in 72% H2SO4 and estimates
lignin + insoluble minerals (“ash”). After filtering, drying, and weighing, the sample is
heated in a muffle furnace at 550 ◦C to determine the insoluble mineral residue. Cellulose
and lignin estimates are based on weight differences between the first and second steps
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and between the second and third steps, respectively. Part of the literature describes these
fractions as proximate cellulose and lignin, respectively [64,65].

2.4. Reciprocal Litter Exchange Experiment

For the crossover experiment, the decomposition rates of surface litter collected in
each of the four habitats were tested in each of the four habitats (Figure 4).
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2.5. Decomposition Rates

The relative remaining dry weight of litterbag samples was analyzed with an expo-
nential decay function, modified from [66]:

Xt/X0 = e−kd t (1)

where:
Xt = litter weight at time t (g);
X0 = initial litter weight (g);
kd = decomposition rate (week-1);
t = time of observation (week).
In practice, kd estimates were derived as the slope estimate in a regression of Ln(Xt/X0)

on time t.
Mean residence time (MRT) (which equals stock/input in an equilibrium situation)

and half-life time t50 were calculated as:

MRT = −1/kd (2)
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and
t50 = −ln(0.5)/kd (3)

respectively. For the decomposition constants, an equivalent value at 20 ◦C was calculated
for comparison with literature values, based on a Q10 estimate of 2.2 [67]:

kd (20) = kd (t) Q10
(t − 20)/10 (4)

2.6. Home-Field Advantage

Pairwise comparisons between two “home” combinations of litter source and habitat
(Aa and Bb) and the crossovers (Ab and Ba) were used to estimate the home-field advantage
(HFA) index (rearranging the terms in the equations developed by [46]) as:

HFA = 100 × Aa × Bb − Ab × Ba

Ab × Aa + Ba
2

+ Ba × Ab + Bb
2

(5)

HFA1 was calculated on the basis of kd estimates; HFA2, on the basis of mean residence
times. By substituting (2) into Equation (5), the relation between the two indices could be
clarified as:

HFA2 = −HFA1 × Aa × Ab + 2 × Ab × Ba + Ba × Bb
Aa × Ab + 2 × Aa × Bb + Ba × Bb

= −(100 × HFA1)/(100 + HFA1)
(6)

Beyond a metric of pairwise expressions of HFA, an average HFA for each litter type,
MeanHFAlit(i), and a mean for each habitat, MeanHFAhab(j), were calculated following [68]:

MeanHFAlit(i) = (3 × kd(i, home)/∑kd(i, guest) −1) × 100 (7)

MeanHFAhab(j) = (3 × kd(j, home)/∑kd(j, guest) −1) × 100 (8)

where kd(home) values were obtained in the original habitat of the litter type, and kd(guest)
values were obtained as the average of the three crossover tests for the MeanHFAlit(i) of
each litter type or the three other litter sources tested in the same habitat for MeanHFAhab(j).

3. Results
3.1. Soil and Vegetation Characteristics

Soil characteristics (Table 1) showed that the FAFo and RAFo, closest to the river, had
the highest clay contents, while in the RAFy and RMOy plots, the silt fraction and the
Corg levels were higher. Corg levels in RAFy and RMOy are considerably higher than what
would be expected for a soil of similar texture and pH in Indonesia [59].

Table 1. Soil properties and environmental conditions for the litterbags (the first six columns were
reported in [33], the last three columns refer to the measurement period); s.e.d. = standard error of
differences; values not followed by a shared letter within a column are statistically distinguishable at
P = 0.05%.

Bulk Density,
g cm−3

Clay,
% Silt, % Corg

pH i

(H2O)
Earth-Worms,

# m−2
Soil

Temp, ◦C
Rel. Humidity,

Air, %
Mean Water

Table, cm

Fruit
agroforest

(FAFo)
0.94 b 76.7 a 23.1 a 2.04 a 3.63 a 75.1 bc 24.7 a 97.4 c −28.5 a

Old rubber
agroforest

(RAFo)
0.97 b 68.6 a 32.2 ab 2.76 a 3.64 a 93.4 c 25.0 a 97.8 c −45.4 b
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Table 1. Cont.

Bulk Density,
g cm−3

Clay,
% Silt, % Corg

pH i

(H2O)
Earth-Worms,

# m−2
Soil

Temp, ◦C
Rel. Humidity,

Air, %
Mean Water

Table, cm

Young rubber
agroforest

(RAFy)
0.85 a 60.9 ab 39.0 b 6.11 b 3.71 b 63.1 b 25.9 b 90.5 a −56.1 b

Rubber
monoculture

(RMOy)
0.83 a 50.2 b 49.6 c 5.43 b 3.66 a 27.5 a 26.0 b 94.8 b −69.6 c

s.e.d. 0.04 5.07 4.9 1.06 0.03 19.7 0.46 2.37 12.3

i The low pH (H2O) reported for laboratory samples may indicate the presence of pyrite and acid-sulfate soil
properties, but we do not have direct pH measurements in the field to test this.

Characteristics of the vegetation (Table 2) showed that RAFo had the highest tree basal
area, but FAFo had the highest aboveground biomass due to a few large-diameter trees (see
also [33]) but also the highest necromass in the litter layer. Litter thickness and necromass
were closely related (Figure 5).

Table 2. Vegetation characteristics of the four habitats used for the experiments; values not followed
by a shared letter within a column are statistically distinguishable at P = 0.05%.

Habitat
Poles # Medium

Trees
Large
Trees

Basal
Area

Aboveground
Tree Biomass

Litter
Layer

Litter
Layer

Individuals ha−1 m2 ha−1 Mg ha−1 cm Mg ha−1

FAFo 320 a 142 a 87 b 26.8 ab 299 b 2.50 b 10.32 b
RAFo 347 a 127 a 102 b 34.4 b 281 b 1.39 a 6.45 a

RAFy 527 b 132 a 28 a 20.2 a 144 a 1.74
ab 6.95 a

RMOy 320 a 217 b 40 a 20.8 a 148 a 2.35 b 8.25 ab
s.e.d. 76 27.75 19.08 3.71 42.7 0.38 1.22

# poles (10 cm < DBH < 20 cm), medium trees (20 cm < DBH < 30 cm), and large trees (DBH > 30 cm), where DBH
is stem diameter 1.3 m above the ground; s.e.d., standard error of differences in an ANOVA using three replicates
per habitat; values not sharing letters within their column differ significantly in a Duncan multiple range test
(p < 0.05); FAFo = fruit agroforest, RAFo = old rubber agroforest, RAFy = young rubber agroforest, RMOy = rubber
monoculture; first five columns were reported in [33].
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3.2. Microclimate

Soil temperature and relative humidity at the specific location of the decomposition
studies were relatively constant during the litterbag study; variation between the sites in
temperature was mostly less than 2 ◦C; in the RAFy site, air humidity dropped by more
than 20% in a number of episodes (Figure 6).
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Figure 6. Air temperature ((A) maximum around 2 p.m.; (B) minimum around 7 a.m.) and relative
humidity ((C) minimum around 2 p.m.; (D) maximum around 7 a.m.) as monitored during the
litterbag studies in four habitats (FAFo = fruit agroforest, RAFo = old rubber agroforest, RAFy = young
rubber agroforest, RMOy = rubber monoculture; L = litter).

3.3. Litter Quality

Characteristics of the litter sources are summarized in Table 3.

Table 3. Quality characteristics of the litter sources (SEM = standard error of mean).

Polyphenol, Pp % Lignin, L % Ash, % Cellulose, % N, % (L + Pp)N

Fruit Agroforest (old) 5.93 31.34 1.80 30.07 1.12 33.36
SEM 1.87 0.28 0.45 1.31 0.04 2.50

Rubber agroforest (old) 3.83 31.21 1.42 27.89 1.13 31.76
SEM 1.19 0.66 0.26 0.66 0.17 4.50

Rubber agroforest (young) 10.69 29.44 1.34 29.56 1.21 33.32
SEM 0.36 0.87 0.37 1.12 0.09 2.29

Rubber monoculture (young) 4.10 29.75 1.47 27.81 1.53 22.13
SEM 0.25 0.69 0.29 2.28 0.01 0.61

3.4. Decomposition Rates

In the FAFo habitat, the loss of dry weight from all types of litter was similar; in RAFo,
it diverged most strongly (Figure 7), suggesting that there were strong interactions between
habitat and litter types in the rate of decomposition. Calculations of the kd estimates
(Table 4) and of the HFA based on kd values confirmed these interactions and described
them in more detail.
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Figure 7. Primary results of litterbag time series, with decreasing amounts of remaining dry weight
in the various litterbags; explanations of subfigures: FAFo = fruit agroforest, RAFo = old rubber
agroforest, RAFy = young rubber agroforest, RMOy = rubber monoculture.

Table 4. Decomposition constants (week−1), mean residence time, and half-life times (T0.5, weeks)
for loss of dry weight for various litter sources, tested in various habitats; “home” conditions (where
litter type and habitat match) are presented in bold font.

Habitat Litter Source kd, Week−1 Se of kd Estimate R2, % MRT, Week T0.5, Week

FAFo L-FAFo 0.018347 0.00321 84.5 54.5 37.8
L-RAFo 0.013675 0.001738 91.2 73.1 50.7
L-RAFy 0.017497 0.001615 95.1 57.2 39.6
L-RMOy 0.016452 0.001485 95.3 60.8 42.1

RAFo L-FAFo 0.011497 0.003514 64.1 87.0 60.3
L-RAFo 0.016119 0.001461 95.3 62.0 43.0
L-RAFy 0.015744 0.002460 87.2 63.5 44.0
L-RMOy 0.036097 0.001998 98.2 27.7 19.2

RAFy L-FAFo 0.005481 0.002223 50.3 182.5 126.5
L-RAFo 0.016039 0.002165 90.1 62.3 43.2
L-RAFy 0.012348 0.002612 78.8 81.0 56.1
L-RMOy 0.021410 0.001019 98.7 46.7 32.4

RMOy L-FAFo 0.008407 0.001997 74.7 119.0 82.5
L-RAFo 0.014367 0.002651 83.0 69.6 48.2
L-RAFy 0.015163 0.003427 76.5 66.0 45.7

L-RMOy 0.025548 0.004177 86.2 39.1 27.1
Minimum 0.005481 0.001019 50.3 27.7 19.2

Average 0.016512 0.002359 84.3 72.0 49.9
Maximum 0.036097 0.004177 98.7 182.5 126.5

FAFo = fruit agroforest, RAFo = old rubber agroforest, RAFy = young rubber agroforest, RMOy = rubber monocul-
ture; L = litter.

As the standard error estimates of the regression coefficient kd were found not to
correlate with kd, the 95% confidence interval for kd, which was 0.0119–0.0211, can be
used to judge for which habitat x litter types specific kd estimates differ statistically from
the overall average value. For the home combinations, the RAFy estimate for kd was
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significantly lower and the RMOy value was significantly higher than the overall average.
For the crossover values, all guest litters tested in FAFo had a significantly lower kd, and
the RAFo litter tested in RMOy had a significantly higher kd than the overall average.

The MRT, expected value of the stock/input ratio in equilibrium, ranged from 39 to
81 weeks for the home combinations of litter type and habitat (Figure 8) but showed a
much wider range (28 to 183 weeks) in the crossover situations
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Figure 8. Mean residence time estimates for the combination of litter sources and decomposition environ-
ments, with the home conditions indicated: (A) schematic (compare Figure 4); (B) histogram. FAFo = fruit
agroforest, RAFo = old rubber agroforest, RAFy = young rubber agroforest, RMOy = rubber monoculture.

The average equivalent kd estimate at 20 ◦C was 0.564 year−1 (MRT 1.77 years), and it
ranged from 1.27 year−1 (MRT 0.79 years) to 0.179 year−1 (MRT 5.59 years).

3.5. Home-Field Advantage (HFA)

The specific interactions described are reflected in the HFA index, whether calculated
for the kd estimates or for the MRT ones (Table 5); the HFA index values for MRT are
opposite in sign and smaller in value than those for kd, based on equation (6). As differences
in recorded temperature between the habitats were small, calculations of HFA based on
equivalent kd values at 20 ◦C differed only slightly from those based on the nonstandardized
kd values (Table 5).

Table 5. Home-field advantage (%) in pairwise combination of habitats, without and with adjustment
of decomposition rates to 20 ◦C, based on kd and based on mean residence time; FAFo = fruit agrofor-
est, RAFo = old rubber agroforest, RAFy = young rubber agroforest, RMOy = rubber monoculture.

Based on Decomposition Constant kd Based on Mean Residence Time
FAFo RAFo RAFy FAFo RAFo RAFy

RAFo 37.1, 36.8 −27.1,
−26.9

RAFy 51.4, 43.2 −11.2,
−11.1

−33.9,
−30.1 12.6, 12.5

RMOy 77.6, 82.2 −9.7, −10.6 −1.3, −9.7 −43.7,
−45.1 10.8, 11.9 1.3, 10.8

The strongest HFA effects, around 80% faster decomposition at home compared
with the “guest” environment, were noticed (Table 5) in the combinations RMOy and
FAFo, followed by the other two habitats interacting with FAFo. HFA values between
the other three habitats were negative (−1% to −11%). The mean HFA per habitat type,
MeanHFAhab(j), was 15.6%, −23.7%, −13.7%, and 102% for FAFo, RAFo, RAFy, and RMOy,
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respectively. Mean HFA per litter type, MeanHFAlit(i), was −1.9%, −1.6%, −1.3%, and
−2.6% for L-FAFo, L-RAFo, L-RAFy, and L-RMOy, respectively. The main interaction effects
were thus noticed when non-FAFo litter sources were tested in the FAFo habitat, especially
when this involved L-RMOy litter.

3.6. Litter Quality, Environmental Conditions, and HFA

About 40% of the variation in kd estimates could be accounted for by the (L + Pp)/N
litter quality indicator, but the slope of relations with soil temperature, groundwater table,
or air humidity did not differ significantly from zero (Figure 9).
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4. Discussion

The first question for our study addressed differences in rates of litter decomposi-
tion between habitats and litter types. The rubber monoculture, RMOy, had the shortest
mean residence times (MRT 39 weeks) and highest litter quality (lowest (L + Pp)/N ratio),
but also less than half the earthworm numbers found in the other three habitats [33].
The resulting estimates of MRT and standing necromass stocks in the litter layer are
consistent with a reasonable estimate of annual litter input: for FAFo, the necromass
of 10.3 Mg ha−1 and MRT of 1.05 years would be in equilibrium with an annual litter
input of 9.8 Mg ha−1 year−1, while for RAFo, RAFy, and RMOy, equilibrium litter in-
puts would be 5.4, 4.5, and 11.0 Mg ha−1 year−1, respectively. On average, this is close
to the 8 Mg ha−1 year−1 that has been used as a sustainability target for soil organic
matter maintenance [15]. The annual litterfall rate in natural forests in the humid trop-
ics of Indonesia is usually above 10 Mg ha−1 year−1, and that in agroforests is above
8 Mg ha−1 year−1 [69–71]. Monthly average litter temperatures were consistently 2–4 ◦C
higher in plantation sites in a study in Brazil than in the rainforest and secondary forests
in their comparison [72]. Canopy closure strongly determined the litter temperatures in
the sites and influenced soil macrofauna biomass. All four habitats in our comparison,
however, had a closed canopy, and temperature differences were small (at most 1.3 ◦C).

The equivalent value for the decomposition constant kd at 20 ◦C kd was on average
0.564 year−1 (MRT 1.77 years). This is at the slow end of the range of reported litter
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decomposition values for tropical forests. According to the literature review [73], an
average kd value in tropical regions was 2.33 year−1, equivalent to an MRT of 0.43 years
and litter stocks that are less than half the annual litter input. For example, the MRTs for
litter from Anacardium occidentale, Artocarpus heterophyllus, and Mangifera indica were found
to be 0.38, 0.41, and 0.48 years, respectively, in a study in India [74]. Thus, decomposition
in the wet agroforests on acid soils for litter with an (L + Pp)/N ratio of around 30 was
slow in comparison to other forest ecosystems, but still a considerable distance from the (as
yet unknown) threshold of peat formation.

All the land uses studied had a lower tree diversity (with likely consequences for
litter decomposition) than the natural peat swamp forests of the region. Vegetation anal-
yses of the nearby Sebangau peat swamp forest [75] documented a mean tree density of
2689 ha−1 (range 1660–3064) and a mean tree basal area of 31.5 m2 ha−1 (range 20.4–44.6),
in which the 20–34 m2 ha−1 range of our study (Table 2) is just below the average. Tree
diversity in our study habitats is lower than that in natural peat swamp forests [69] but
still responsible for diverse litter diets for the soil biota. The authors of [76] found, more
upstream in the Pulang Pisau district, the basal area of fruit- and rubber-based agroforests
to be 23–59 m2 ha−1 (versus secondary forest 36 m2 ha−1) on silty clay, and 18–38 m2 ha−1

versus 26 m2 ha−1 on sandy soils. The agroforests are forest-like in structure, aboveground
biomass, and diversity [33].

In our study, differences in the water table had no direct relationship with the decom-
position constant (Figure 9C). Similarly, a study of plant litter decomposition in boreal
peatlands [77] found that the direct effects of decreasing water tables were relatively small
and were overruled by the indirect effects through changes in litter type composition and
production of the changing vegetation. Increased litter inputs from modified vegetation
resulted in a large accumulation of organic matter in spite of increased decomposition rates.

A clear limitation of our study was that it only tested aboveground litter sources, while
peat formation may be largely dependent on the slow process of woody root turnover,
rather than aboveground litter. Beyond the leaf plus twig litter we tested in the litterbags,
the more episodic branch and tree turnover (as long as not harvested as source of firewood)
makes additional contributions.

The second question addressed the HFA effects between the various habitats when
tested in a crossover experiment. The combination of strongly positive and moderately
negative HFA results (Table 5), depending on the specific habitats and litter sources involved
in the comparison, may challenge any generic theory of the conditions where HFA effects
emerge. As suggested before [78], most documentation of HFA refers to monocultures
where the decomposer community may become narrowly adapted to the prevailing diet,
and in mixed forests, such as what was investigated in the Atlantic rainforest of Brazil,
HFA effects are absent, as decomposers are used to diverse diets. In contrast, our strongest
HFA results were obtained when external litter sources were tested in the FAFo habitat, the
most diverse of all four systems compared. HFA values can be negative, as documented
for example by [79] for a grassland to early-successional forest comparison, where despite
large differences in litter quality (lignin:N) between the two habitats there was an overall
disadvantage for at-home decomposition. In our study, some of the HFA estimates were
negative (up to −11%) but modest in size compared to the positive HFA values for other
combinations of habitat and litter source.

As soil organic matter (SOM) is largely composed of microbial products rather than
plant compounds that resist decomposition, the chemical transformation of leaf litter
components during decomposition is critical in controlling SOM formation [49], with
changes in litter chemistry more pronounced for the more recalcitrant lodgepole pine
(Pinus contorta) litter than the aspen (Populus tremuloides) with which it was compared.
Decomposer community specialization may be more important for recalcitrant litter. In
our study, however, litter quality as such did not predict the combinations where HFA
effects emerged. Litterbag studies [80] in a tropical Malaysian peat swamp (waterlogged,
nutrient-poor, anaerobic, and pH 2.9–3.5) showed that the sclerophyllous, toxic leaves of
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endemic peat forest plants were barely decomposed by bacteria and fungi (decay rates of
only 0.219–0.584 year−1, MRT 1.7–4.5 years), while leaves of a secondary forest species
had decay rates of around 1.75 year−1 (MRT 0.57 years). The authors concluded that
intrinsic properties of the leaves that are adaptations to deter herbivory in the nutrient-poor
environment impede microbial breakdown. Important among plant components that deter
herbivory, however, are alkaloids that rapidly leach out of plant litter and terpenoids that
are generally volatile [81]. A recent study [82] compared the decomposition of leaf litter
from Coffea arabica and adjacent mixed forest in Costa Rica. They found a strong HFA effect
in short-term studies, while longer-term studies did not confirm the effect, and attributed
the difference to the caffeine content of fresh litter. Key attributes of litter quality may
thus depend on the length of the study period. Litter can also shift the balance between
microbially and fungally dominated decomposition pathways. Litter type was a stronger
factor than water table in determining either fungal community composition or turnover of
C, N, and P in litter in a study in cutover peatland in Scotland [83].

The third question focused on the relationship between HFA effects and habitat
and/or litter quality characteristics. Bonanomi et al. [84] explored how other quality
metrics beyond lignin/N ratio and presence of polyphenolics could be closer to the actual
microbial decomposition and comminution by other types of soil biota, which remains a
frontier of this science.

Literature on the hierarchy among the multiple potential constraints for litter decom-
position tends to be site-specific. Water table depth was found to have a strong effect
on the decomposition of an external litter source (tea bag method) introduced to tem-
perate Sphagnum peatland [85]. The effectiveness of external nutrient enrichment and
litter sources richer in the limiting nutrient on decomposition has been compared [86] in
oligotrophic, P-limited herbaceous wetlands of northern Belize. The authors concluded that
site enrichment effects were stronger than those of litter quality although both were highly
significant. Further HFA studies that include specific nutrient enrichment treatments might
give further insights in this context.

The plots compared in this study differed not only in mean groundwater table but
also in the rate at which the GWT dropped during the driest part of the year. From data
presented in [33], it can be derived that over 142 days in the driest period, the GWT
decreased by 3.7 mm/day in RAFy, 3.4 mm/day in RMOy, 2.0 mm/day in RAFo, and
0.46 mm/day in RAFy. Land use that maintains high evapotranspiration rates in the dry
period will cause substantial drops in GWT, regardless of the drainage, as influenced by
canal blocking. The current government regulation (SK.22/PPKL/PKG/PKL.0/7/2017)
requires that water tables are maintained within 40 cm of the peat surface at the center
of each plot for at least half of the year and within 100 cm of the surface at all times. If a
groundwater table would be −40 cm at the start of a dry season, 150 days at 3.7 mm/day
would bring the water table down to about −95 cm, even in the absence of any drainage.
Longer dry seasons and/or higher ET rates make it impossible to match the mandated
rules in systems that include evergreen trees that maintain ET, rather than shed their leaves.

Finally, the results presented may have some relevance for understanding the thresh-
olds of peat formation when decomposition slows down further. Mirmanto [75] described
gradients in tree species composition from close to the river with shallow peat-layers up
to the inland with relatively deep peat-layer. The author suggested that the change in
nutrient availability from river to peat dome could lead to differences in decomposability
and nutrient recycling as explanations of the existence of the specific forms of peat swamp
forest encountered but found that the evidence so far is incomplete on such coupling. Our
exploration of the riparian side of the gradient in mineral, but in part organic-matter-rich,
soils suggests that the threshold for peat formation as bifurcation response is indeed a
combination of low litter quality, reduced dry season water use, high acidity, and wet (or
explicitly anaerobic?) conditions that are part of a positive feedback loop.

It is clear that in these agroforests no peat is currently formed, with a litter layer of a
maximum of 4 cm (Figure 5) and a mean residence time of around two years. We interpret
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the relatively high Corg concentrations in the young RAFy and RMOy shown in Table 1
as remnants, while Corg in the older FAFO and RAFO is about at the level predicted by a
texture-based pedotransfer function for mineral soils [59]. Yet, at what mean residence time
an accumulating litter layer could cross the threshold to peat formation is unknown. “By
most definitions, the peat thickness must exceed 40 cm before a soil profile can be called
peat, but there is also C contained in shallower organic deposits where peat is currently
accumulating or has the potential to form if peat-forming plants are present” [87]. Current
understanding goes beyond “peat forms whenever C inputs to a peatland exceed C outputs”
and emphasizes for Southeast Asia that “The peatlands of this region typically form large
domes located behind mangroves along coastal plains and between major rivers. During
their development, the peat surface of these systems became increasingly elevated above
the surrounding land. As peat accrued, rainwater replaced tidal and riverine flood waters
as the principal water source, and the domed peat surface . . . became increasingly nutrient
poor and acidic. The peat-forming vegetation is a type of tropical rainforest—peat swamp
forest—that, despite the stressful environmental conditions of anoxia, acidity, and low
nutrient availability, has a relatively high tree species diversity” [87].

Our litterbag experiments focused on the early stages of aboveground litter decom-
position, while it is recognized that much aboveground production in tropical peats—the
leaves especially—is readily decomposed and does not contribute much to the makeup of
the peat [88]. Although overall litter production may be dominated by the aboveground
component in the tropics, it may actually be the belowground component—fine roots
in particular—that is critical in peat formation. This certainly seems to be the case for
Southeast Asian peatlands [89]. The decomposition of tree roots depends on water tables.
A recent review found subsurface water-table fluctuations from pristine forested tropical
peatlands have been reported to vary from about 25 to 90 cm [90]—a range similar to
what we documented for the agroforests. Peat swamp forests have a remarkable micro-
topographic differentiation between hummocks and hollows [91]—more than we found
in the agroforests.

As the decrease in groundwater tables during the dry season may depend primarily
on evapotranspiration by the vegetation, there is a risk that locally adapted vegetation that
is deep-rooted and maintains active canopy growth during dry seasons dries up adjacent
peat areas—as may be the case for fast-growing timber plantations managed for the pulp
and paper industry elsewhere in Indonesia. The old agroforests included in this research
appear to have less effect than the young agroforests and rubber plantation [33].

A number of other studies have derived positive conclusions on the use of agroforestry
practices in rewetting, restoring, and conserving peatland landscapes in Central Kaliman-
tan [92,93] and elsewhere in Indonesia [94,95] and Asia [96]. Giesen and Sari [97] discussed
sago cultivation as the best example of tropical paludiculture in Indonesia, compatible
with peat conservation. They also described a gap between paludiculture–agroforestry
ambitions and what has been demonstrated yet to be bio-economically feasible. Most
studies have so far focused on the plot-level properties, rather than the landscape-level
interactions. Our parallel study of the hydrology of Kaleka agroforests [33], which related
hydrological functions and plant diversity to climate mitigation and biodiversity conser-
vation, concluded that the positive role at the landscape scale of Kaleka agroforests that
function well at high groundwater tables is primarily that they allow adjacent peat areas to
remain wet, or recover as a result of canal blocking. We now conclude that while the wet
agroforests studied support landscape-level rewetting strategies and protect peat dome
hinterlands from drying and fire, they do not contribute to in situ peat formation.

5. Conclusions

On the basis of the evidence presented, we formulated five conclusions:

• The mean residence times for aboveground litter in wet agroforests were around
85 weeks, about 2 times longer than expected given litter quality and temperature,
which was likely due to wet and acid soil conditions.
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• Home-field advantage indices showing up to 80% faster decomposition in the home
environment in specific habitat–litter combinations may reflect strong adaptation of
decomposers to local litter sources.

• Overall, the ratio of lignin plus polyphenolics and nitrogen accounted for 40% of
the variance in decomposition constant kd, indicating other more specific quality
indicators can play a role.

• The measured litter residence times in wet agroforests support litter stocks larger
than annual litterfall but are still far below the (as yet unknown) thresholds for
peat formation.

• While the wet agroforests studied support landscape-level rewetting strategies and
protect peat dome hinterlands from drying and fire, they do not contribute to in situ
peat formation.
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