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A B S T R A C T

Progressive conversion of tropical rainforests to agricultural monocultures in South East Asia increasingly affects
landscape types such as riparian areas. The impacts of conversions on soil organic matter (SOM) vary with
changing landforms. However, this was often not accounted for in previous studies where SOM in soils in ri-
parian areas was combined with SOM from well-drained adjacent slopes. Because riparian areas have a high
carbon (C) storage potential, our objectives were i) to assess their C stocks after conversion to rubber and oil
palm plantations in Sumatra (Indonesia) and ii) to compare the impacts of land use conversion on C stocks
between riparian and well-drained areas. Average soil C stock losses from the top 30 cm were about 14% and 4%
following conversion of riparian forest to rubber and oil palm plantations, respectively, indicating a high re-
sistance of C to mineralization. C losses from well-drained areas were twice as high as from riparian areas after
the respective conversion. δ13C values from riparian areas showed clear heterogeneity down soil profiles that
was explained i) by alternating oxic and anoxic conditions, leading to reduced SOM and litter decomposition in
riparian areas and ii) by mineral sediments and organic matter deposition and accumulation by erosion from
adjacent slopes covered by plantations. We conclude that riparian areas are more resilient in terms of soil C
storage towards land-use change than well-drained areas because of sediment deposition and reduced oxygen
availability. On this basis, we developed a conceptual model of the effects of land-use change and various
ecotone characteristics on SOM mineralization in the top- and subsoil of riparian areas.

1. Introduction

The growing demand for cash crop products, such as palm oil and
rubber, causes the conversion of tropical rainforests into agricultural
land. This land-use change towards intensively managed plantations
has major impacts on the global carbon (C) cycle, since it reduces soil
organic carbon (SOC) stocks and increases carbon dioxide emissions
(Don et al., 2011; Harris et al., 2012). The tropics play a crucial role in
global C reservoirs, as they store one third of the global soil C
(Scharlemann et al., 2014). Due to the described land-use change the
total anthropogenic carbon dioxide emissions increased by 48% (Ciais
et al., 2013).

In 2012, Indonesia had the highest deforestation rate in the world
(0.84 Mha) (Margono et al., 2014). Deforestation is particularly severe
on the island of Sumatra, where vast expanses of lowland rainforest
have been converted into oil palm and rubber plantations (Austin et al.,
2019; Margono et al., 2014). Various studies showed that the forest
conversion into agricultural land is accompanied with C losses from
mineral soil in this region (Borchard et al., 2019; de Blécourt et al.,
2013; Guillaume et al., 2015). In mineral soils in well-drained areas,
land-use changes induce SOC losses mainly by decreased C input, ac-
celerated decomposition, or increased erosion (Guillaume et al., 2015).
The conversion into plantations reduces above- and belowground bio-
mass up to five fold (Guillaume et al., 2018; Kotowska et al., 2015)
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leading to a reduced C input (Powers, 2004). In combination with mi-
neral fertilization, which reduces the nutrient limitation of soil micro-
bial communities, this accelerates biogeochemical cycles and triggers
the decomposition of soil organic matter (SOM) (Becker et al., 2015;
Becker and Kuzyakov, 2018). Additionally, reduced vegetation cover in
plantations strongly increases soil erosion, which in turn leads to a loss
of the C-rich topsoil (Don et al., 2011; Guillaume et al., 2015; Labrière
et al., 2015). Forest soils in tropical wetlands have a large C-stock po-
tential (Wantzen et al. 2012) and particularly large C losses are ex-
pected from conversion into agricultural land. However, most research
with specific focus on riparian areas has been conducted in temperate
regions (Guyette et al., 2002; Zehetner et al., 2009). The impact of land-
use change in non-peat riparian areas on C losses has hardly been in-
vestigated; yet in the tropics (Wantzen et al., 2012). The distinction
between the terms ‘riparian area’ and ‘wetland’ mainly depends on
three main differences: first, riparian areas are commonly transitional
zones between terrestrial ecosystems and water bodies. These areas are
temporarily inundated or water-logged (Wantzen et al., 2008) with a
high water table (McCormick, 1978) and can experience seasonal wet
and dry cycles, i.e. temporal changes between oxic and anoxic condi-
tions (Décamps et al., 2004). The term ‘wetland’, however, describes
soils that are often water-saturated but do not need to be adjacent to a
river. Second, related to the divergent locations, the terms describe
different energy and temporal dynamics of the affecting water body.
Riparian areas often reflect higher water flow dynamics where sedi-
ments are transported and material accumulation and erosion occur. On
the contrary, wetlands are associated with a water table that is close to
or above the surface and are characterized by only a scarce flow of
water (Brown et al., 1978). Third, as mineral and organic soils both
occur within wetlands, the level of organic content is not the only in-
dicator to identify riparian areas as a certain type of wetland. The ri-
parian SOM balance is further influenced by two specific factors: the
redistribution of fluvial sediment (Rieger et al., 2014) and oxygen de-
ficiency in water-saturated soil. The effects of these processes on ri-
parian C balances and stabilization can offset erosion and SOM mi-
neralization. Deposits that enter (and partly leave) the ecotone contain
high amounts of allochthonous organic material from terrestrial sources
and dissolved organic matter from aquatic sources (Moore et al., 2013).
Flooding duration and frequency also play crucial roles for long term C
accumulation (Bendix and Hupp, 2000; Graf-Rosenfellner et al., 2016).

Depth profiles of natural 13C abundance (δ13C) serve as helpful tools
to evaluate the decomposition state of SOM (Alewell et al., 2011;
Guillaume et al., 2015; Krüger et al., 2014). The δ13C value describes
the ratio of 13C:12C abundance relatively to the international PDB
limestone standard (Craig, 1953). SOM and litter decomposition lead to
an 13C enrichment of SOM and, thus, they induce a shift to less negative
δ13C values. In well-drained mineral soils, an increase of δ13C values
was observed with soil depth and soil age (Andreeva et al., 2013; de;
Zang et al., 2018). Apparently here, aerobic decomposition processes
dominate and lead to 13C enrichment. In contrast, soils in riparian areas
experience wet and-dry cycles, and thus alternating oxic and anoxic
conditions, which change the 13C fractionation with depth. The delayed
decomposition under anoxic conditions, might slow down the 13C
fractionation. Here, δ13C values show a more stable and uniform pat-
tern. If shifts to lighter δ13C values are detected, this will hint to an
enrichment of recalcitrant organic substances during anaerobic de-
composition which are depleted in 13C (Alewell et al., 2011; Drollinger
et al., 2019).

For the assessment of erosion, it is required that the δ13C values in
the plantation subsoil are similar to those in the forest subsoil prior
conversion. Assuming that subsoil δ13C values are unaffected by land-
use change or surface matter inputs, a shift of topsoil δ13C towards
subsoil δ13C values may be interpreted as erosion dynamics. The re-
spective layer experienced a vertical shift towards the soil surface after
an erosional loss of the upper layer (Guillaume et al., 2015). In addi-
tion, physical mixing and deposition of fresh material with differing

isotopic composition, can influence the profileś 13C signature, particu-
larly in dynamic landscapes like riparian areas (de Junet et al., 2005;
Kelleway et al., 2017). Therefore, riparian properties may lead to un-
ique C storage mechanisms, which are expressed as specific dynamics in
the δ13C value. It is essential to understand the combined effects of
land-use change and riparian water dynamics on soil C balance to
predict probable climate change responses and the mitigation potential
of riparian areas. This is of special importance because riparian areas
have a high C storage potential (Hazlett et al., 2005) which makes them
a valuable asset for regional and global carbon management (Rieger
et al., 2014).

Therefore, the objectives of this study were i) to quantify SOC losses
in riparian areas after land-use change from forest to oil palm and
rubber plantations, and ii) to determine whether the impacts of this
land-use change are comparable for riparian and well-drained areas.
We further aimed iii) to develop a conceptional understanding of C
sequestration and storage in riparian areas by using the δ13C values to
disentangle SOM decomposition from erosion and deposition. We hy-
pothesize that (1) the conversion of riparian forest to plantations has a
more negative impact on soil C stocks than for well-drained mineral
soils because anoxic conditions slow down decomposition and thus lead
to higher C storage. We hypothesize that (2) not SOC mineralization but
SOM transport and deposition are the factors that predominantly in-
fluence SOC stocks.

2. Materials and methods

2.1. Study sites

The study was carried out in the Province of Jambi in Sumatra,
Indonesia. The region has a tropical humid climate with an average
annual temperature of 27.6 °C. Average annual rainfall is 2235 mm. The
rainy season has two peak periods (March and December) and an
average monthly rainfall of 261 mm, followed by a drier period be-
tween April and September with a monthly rainfall of 161 mm
(Drescher et al., 2016). The natural vegetation is a mixed dipterocarp
lowland rainforest (Laumonier, 1997). Nowadays, however, Jambi
Province is a region dominated by large rubber (Hevea brasiliensis) and
oil palm (Elaeis guineensis) monocultures. Plantations managed by
smallholder farmers were selected, which varied between 8 and
18 years (rubber) and 10–16 years (oil palm) in stand age (Drescher
et al., 2016). Study plots have been established in two landscape types:
well-drained areas and riparian areas. In each land-use and landscape
type four 50 × 50 m study plots have been established. Additionally,
four well-drained sites and four riparian sites from the Harapan Rain-
forest, an ecosystem restoration area, were used as references, resulting
in a total number of 24 plots (Table 1). SOC data from these plots al-
lowed for SOC stock change calculations after land-use change and an
additional comparison between landscape types. Well-drained areas
and SOC data are described in detail in Guillaume et al. (2015).

2.2. Sampling and analysis

We used an identical sampling design for riparian areas as well as
for well-drained areas, sampling from four spatially independent plot
replicates. At each replicate plot, a 1 m deep soil profile was estab-
lished. The soils were classified according to the IUSS Working Group
WRB, 2014 by the FAO as Acrisols with a sandy loam texture in the
well-drained areas (Guillaume et al., 2015) and Gleysols, Stagnosols
and stagnic Acrisols with a loamic and clayic texture in the riparian
areas (Table 1). Soil samples in the riparian areas were collected in
depth intervals (0–5, 5–10, 10–20, 20–30. 30–50, 50–70, 70–90,
90–100 cm). In case of horizon boundaries within the selected intervals,
sampling was adapted to avoid a mixture of horizons within the sample.
Sampling was evenly distributed to cover the whole depth interval.
Samples for bulk density were collected in five replicates from each
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depth interval: 100 cm3 soil rings were inserted horizontally, weighed
and dried at 105 °C until constant weight. Guillaume et al. (2015)
sampled well-drained soil on horizon basis. These data were merged
with our data set by recalculating horizon data, based on their relative
contribution to each depth interval.

Soil samples for organic C and total N as well as δ13C (‰ VPDB)
analyses were dried for two weeks at 40 °C, sieved to 2 mm and ground
before analyses. Due to the absence of inorganic C and N, total C and N
correspond to organic C and N. Measurements were performed at the
Center for Stable Isotope Research and Analysis (KOSI) of the
University of Göttingen using an Elemental Analyser (NA1110, CE-
Instruments, Rodano, Milano, Italy) coupled via a ConFlow III to an
isotope ratio mass spectrometer (Delta Plus, Finnigan MAT, Bremen,
Germany). Before soil texture analysis iron oxides were removed by
using sodium dithionite.

2.3. Calculations and statistics

The SOC stocks were calculated by multiplying the C content with
the respective bulk density of each depth. Bulk Density data between 50
and 100 cm soil depth were only for riparian areas available to calcu-
late SOC stock. All statistics and graphing were performed in R v3.5.1
(R Core Team, 2018) using base, agricolae (de Mendiburu, 2017), car
(Fox and Weisberg, 2011), ggplot2 (Wickham, 2016), tidyverse
(Wickham, 2017), ggpubr (Kassambara, 2018) and rstatix (Kassambara,
2020) packages. We excluded one riparian forest profile because of very
high topsoil C content (26%) which already hinted at peat formation
and, therefore, did not represent the targeted mineral soil conditions.
The effects of land-use change on C and N contents, C/N ratio and δ13C
signature within the riparian area were assessed by a Two-Way split-
plot ANOVA (p-level < 0.05) with depth as interacting factor within
individual plots. P-values from multiple comparisons were adjusted by
Bonferroni correction. The combined effects of the landscape and land-
use type on soil C stocks were compared for three depth ranges (0–10,
0–30 and 0–50 cm), using a Two-Way ANOVA, at p-level < 0.05 with
factor interaction. Tukey HSD post-hoc analysis was used for group
comparisons. Variance between groups were homogeneous (Levene's
test (p-level > 0.05). ANOVA model residuals were normally dis-
tributed (Shapiro-Wilk test, p > 0.05). Occasional deviations from the
normality assumption of groups were small and considered acceptable,
given the robustness of homoscedastic ANOVA.

3. RESULTS

3.1. Effect of land use on riparian areas

Carbon content (g kg -1) in the topsoil (0–10 cm) of riparian areas
were 34% and 11% higher in the forest than in rubber and oil palm
plantations, respectively (Fig. 1). Carbon content declined from topsoil
to subsoil across all land-use types (p < 0.05). In the forest, the high C
content of 28 g kg−1 C and 29 g kg−1 C at 80 and 95 cm soil depth
resulted from a buried C-rich layer at one of the sites (Fig. 1).

In the first 0–30 cm of soils in riparian areas, C stocks decreased by
14% after forest conversion to rubber, and by 4% after conversion to oil
palm plantations. However, in 0–10 cm depths under riparian oil palm
plantations, C stocks were 20% higher than in riparian forest topsoil.
Bulk density in forest topsoil was 1.2 times lower than in plantations,
indicating higher soil compaction under monoculture cultivation and
the absence of well-structured aggregates (Appendix Table A.1). Thus,
while stocks in the three land-use types did not differ significantly from
each other, they indicated a tendency towards changing soil conditions
after forest conversion. The riparian forest subsoil (30–100 cm) con-
stituted 70% of the total C stock. In oil palm and rubber plantations,
subsoil stocks made up only 42% and 44% of the total C stock, re-
spectively.

Differences in Nitrogen (N) content between the land-use types were

not significant in any depth. Across all land-use types, N contents de-
creased with depth (Two-Way split-plot ANOVA, p < 0.05). Under
forests, N content re-increased within 60 to 100 cm depth, associated
with an increase in C content over the same depth interval (Fig. 1),
reflecting paleosol formation (Fig. 2, right). In riparian areas, the top-
soil C/N ratio was highest in the forests and lowest in rubber planta-
tions, varying between 14.0 (forest) and 11.7 g N kg−1 (rubber). In oil
palm plantations, C/N ratios slightly decreased with increasing depth
(down to a minimum of 7.6). In forest subsoil, an increase up to 22.0 at
80 cm soil depth was found. C/N ratios differed (p < 0.05) between all
three land-use types.

3.2. Effect of landscape type on soil carbon stocks

The landscape type had a significant effect on topsoil (0–10 cm) C
stocks in forests (Fig. 3a). The well-drained forest stored 53% more C in
its topsoil than in the riparian forest. However, C stocks in other land-
use types were not affected by landscape types. The effect of landscape
disappeared when including deeper soil layers (Fig. 3b, c). Including
depths up to 30 cm led to a C stock increase in riparian forests of 10 Mg
C ha−1, compared to 0–10 cm depth. This leveled out landscape effects
at all sites, also when comparing 0–50 cm soil layers.

In 10–30 cm soil depths, the riparian areas showed significantly
higher C stocks than well-drained areas. At any other depth interval in
the subsoil, neither ecosystem type nor the interaction of ecosystem and
land-use type affected C stocks (Table 2). The variance in C stocks of
riparian plantations from 0 to 30 cm soil depth were up to 10 times
higher than in well-drained plantations and differed significantly from
each other (Levenés-test, p = 0.037) (Fig. 3).

3.3. Carbon isotopic signature in riparian areas

The lowest δ13C values were found in the forest topsoil’s, varied
between −29.3‰ and −28.1‰. Under rubber and oil palm planta-
tions, 13C signatures were on average 2.3‰ and 3.1‰ more enriched
relative to the forest and ranged between −27.3‰ and −24.9‰ in
rubber, and between −27.36‰ and −24.40‰ in oil palm plantations
in riparian areas. The conversion of forest to monoculture tended to
affect the 13C signature down to 30 cm depth (Two-Way split-plot
ANOVA, p ≤ 0.1). In forest subsoils (30–100 cm), δ13C values remained
relatively stable with increasing depth, ranging between −30‰ and
−28‰. In plantations, a heterogeneous pattern was evident: Replicates
differed by up to 3.4‰ in oil palm plantations and δ13C values were
more negative in the subsoil than in the topsoil. Land-use effects were
also present in well-drained areas. In contrast to riparian areas, well-
drained areas showed a uniform increase of 13C abundance with in-
creasing depth, which is common for undisturbed mineral soils. The
δ13C values were lowest in the forest topsoil (-29.6‰±0.2), while
δ13C in plantation topsoil was higher (-28.0‰±0.06 under oil palm
and −27.7‰±0.1 under rubber cultivation). δ13C in deeper soil
layers aligned at −26‰, with a maximum difference of 0.4‰ between
forest and rubber plantations at 35 cm soil depth and 0.5‰ between
forest and oil palm plantations (Guillaume et al. 2015). The variance of
δ13C in the topsoil of the riparian rubber plantations was 6 times larger
than in the well-drained rubber topsoil and up to 220 times larger in
deep soil. The variance of δ13C in soil under oil palm plantations was 77
to 220 times higher in riparian than in well-drained sites.

4. Discussion

4.1. SOC after land-use change in riparian and well-drained areas

The average C content of around 2.3% in the first 20 cm of riparian
forest soils was similar to other hydromorphic mineral sites in tropical
riverine forests (2.2%) (Scipioni et al., 2019). However, C content was
much lower than previously reported for tropical wetland forests (6%
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and 35%) (Bernal and Mitsch, 2008). This results from the fact that our
riparian areas contain mineral and mucky mineral soils, whereas wet-
lands also contain organic soils. Consequently, C contents of our ri-
parian areas (Fig. 1) are comparable to C contents in tropical mineral
soils that are not associated with wetland conditions (e.g. Chiti et al.,
2014; de Blécourt et al., 2013; Guillaume et al., 2015). In temperate
riparian forests similar ranges of 1.7 to 3.5% C content were found
(Graf-Rosenfellner et al., 2016).

The conversion from riparian forests to riparian plantations led to a
small decrease in SOC contents in the upper 30 cm, whereas large re-
ductions of between 35% and 40% under rubber cultivation on upland
mineral soils have been reported (Chiti et al., 2014; Guillaume et al.,
2015). Forest transformations to oil palm plantations are often ac-
companied by average SOC losses between 18% and 45% (Chiti et al.,
2014; Guillaume et al., 2018; Rahman et al., 2018; van Straaten et al.,
2015). All these studies were conducted in well-drained areas; however,
our results indicate that riparian C stocks are not that strongly affected
by land-use change.

C content and stocks tend to higher values in deeper soil in riparian
areas. The higher C contents in the riparian forest subsoil were likely
due to buried C-rich layers, which were obvious (Fig. 2). This agrees

with findings of Shakhmatova and Korsunov (2008) who have de-
scribed alluvial subsoil layers with strong C accumulation that exceed
the topsoil C content. Further, abrupt changes in soil particle size in
some profiles e.g. from 4% sand at 15 cm soil depth to 40% sand at
25 cm (under rubber cultivation), hint at a shift in the organic material
source and confirm a spontaneous deposition event.

There is a trend to higher soil C stocks in riparian areas than in well-
drained areas. Subsoil stocks (30–100 cm) in the riparian areas show
high C stocks and reflect delayed mineralization under periodic anoxic
conditions, especially in the forest with the buried layer (Gudasz et al.,
2015; Hounkpatin et al., 2018; Sobek et al., 2009). High C accumula-
tion could be further explained by the finer texture of subsoil common
in Stagnosols (Zech et al., 2014). Therefore, the increasing subsoil
stocks in plantations are more likely a consequence of riparian prop-
erties (including e.g. waterlogging and sediment transport), than of
land-use change alone. Most of the soils in the investigated riparian
areas, especially in plantations, were only periodically water-logged
and consequently, in contrast to many wetland soils, anoxic conditions
were only temporarily present. We suggest that this leads to lower C
contents and stocks than we expected from other wetland ecosystems in
these climatic zones (Wantzen et al., 2012).

Fig. 1. Depth profiles of C content (g kg−1), N content (g kg−1) and C/N ratio in forest (green), rubber (blue) and oil palm (yellow) plantations. Values represent
means (in forest n = 3, in plantations n = 4). Error Bars indicate the Standard Error of Mean (SEM).

Fig. 2. From left to right: Typical well-drained soil profile in the oil palm plantations. Classified as loamic Acrisol (WRB) (left); Typical riparian soil profile in one of
the oil palm plantations. Classified as loamic Stagnosol (WRB) (middle); Forest Soil Profile with a buried layer in the riparian forest. This soil profile differs from the
usual riparian Stagnosol soil type, due to the paleo soil layer leading to different diagnostic properties (right).
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Continuously flooded wetland ecosystems can only be used for
rubber or oil palm plantations after drainage, an economically ex-
pensive and work-intensive process. In contrast, seasonal drying of ri-
parian sites allows for easier conversion into plantations. Such sites are
therefore much more likely to be subjected to large-scale land-use
conversions and thus are the warrant closer study. Similar C stocks are
reported by Rahman et al. (2018) who found ~50 Mg C ha−1 in the
upper 30 cm of a forest mineral soil in Borneo/Malaysia. Continuously
flooded soils are favorable for peat formation and C stocks can become
higher, as we found in one riparian forest plot, which was subsequently
excluded from this data set. SOC stocks in the upper 30 cm of soil in
riparian forests (Fig. 3) were lower than in published studies from
tropical undisturbed wetland sites, e.g. 90.2 Mg C ha−1 and 67.0 Mg C
ha−1 in the Amazon Basin (Wantzen et al., 2012) and 80 Mg C ha−1 in
the upper 24 cm of a wetland in Costa Rica (Powers, 2004).

4.2. δ13C elucidation of soil processes

Using δ13C values Guillaume et al. (2015) estimated 15–20 cm of
erosive soil loss from well-drained sites within 17 years after land-use
change. They assumed that C content and δ13C values in the plantationś
subsoil were similar to the forest subsoil prior to conversion. They de-
duced that after the erosional loss of the upper layer, subsoil C content
and δ13C values were vertically shifted towards the surface (Fig. 5). The
δ13C values in the riparian forest topsoiĺs were on average 2.5‰ lower
than in the plantations, indicating that more enriched C reaches the soil
surface after conversion, induced by soil material transportation. This
difference corresponds to Guillaume et al. (2015) who observed a 2‰
increase of δ13C values in the topsoil between forest and plantations.
Riparian forests and plantations differ strongly in their isotopic

signatures in the top- and the subsoil. Forests show more negative δ13C
values with a more uniform depth profile than under plantations. Single
replicates in the plantation’s sites show a strong erratic pattern with
increasing soil depth (Appendix, Fig. A.4), which hints at erosion and
deposition bringing organic matter from various sources to the plan-
tations (Davies et al., 2012) but the average values reveal a more
homogenous δ13C depth profile.

The topsoiĺs of well-drained plantations (particularly oil palm) were
more depleted in 13C isotopes compared to topsoiĺs of riparian planta-
tions (Fig. 4). This contradicts the assumption that material from the
elevated well-drained sites is steadily deposited on the lower riparian
plantations. Since well-drained sites are located upstream and are
heavily eroded (Guillaume et al., 2015), sedimentation on riparian sites
in lower reaches would likely align their topsoil δ13C values. Instead,
the riparian δ13C depth profiles indicate a more complex source-sink
relationship with other processes of C dynamics in the watershed.
Therefore, we assume that sedimentation is a secondary pathway for
topsoil C inputs in riparian plantations, whose actual contribution and
process relationships require further investigation.

We conclude that alternating oxic and anoxic conditions mainly
drive the formation of the δ13C depth profiles in riparian plantations.
This is supported by the following: first, the riparian forest shows a
uniform δ13C pattern (Fig. 4a), which is common under constant water-
saturated conditions, where anaerobic decomposition processes are
dominant (Alewell et al., 2011; Krüger et al., 2014). This interpretation
is supported by studies that reported more heterogeneous patterns,
indicating alternating wet and dry cycles (Broder et al., 2012; Loisel
et al., 2009). Second, the δ13C depth profile found in rubber plantations
hints at aerobic decomposition down to 15 cm, which might be caused
by land-use change where the topsoil has been well-drained during

Fig. 3. Carbon stocks of riparian and well-drained areas at 0–10, 0–30 and 0–50 cm soil depth. Different letters between groups indicate significant differences
according to Two-Way ANOVA (p < 0.05).

Table 2
Carbon stocks in riparian and well-drained sites (Mg C ha−1) values in brackets represent Standard Error of Means (SEM).

riparian well-drained‡

Land use 0–10 cm± 10–30 cm± 30–50 0–10 cm± 10–30 cm± 30–50

Forest 23.4 (4.1)ab 32.7 (6.9) 130.1(84.1) 35.8 (3.0)b 18.6 (1.8) 12.7 (0.7)
Rubber 21.8 (2.5)a 26.3 (2.5) 37.5 (2.5) 21.6 (1.6)a 22.8 (2.0) 17.0 (2.0)
Oil Palm 28.1 (4.4)ab 25.6 (6.0) 39.6 (3.9) 20.7 (2.7)a 20.6 (1.8) 15.9 (1.2)

‡ C stocks already published in Guillaume et al. (2015).
± and superscripts represent significant differences according to Two-Way ANOVA with factor interaction (p < 0.05) between riparian and well-drained areas at
0–10 and 10–30 cm soil depth.
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conversion. The turning point to lower δ13C at 25 cm values indicates a
change to saturated water conditions, and therefore a change to anae-
robic decomposition and enrichment of recalcitrant material (Alewell
et al., 2011). Similar δ13C depth profile patterns are common in peat-
lands (Drollinger et al., 2019; Krüger et al., 2015). In agreement with
Alewell et al. (2011) and Drollinger et al. (2019), we suggest a pre-
servation of 13C-depleted substances that decompose slowly under an-
oxic conditions, such as lignin and lipids. Third, the oil palm plantatiońs
δ13C depth profile shows a turning point at 7.5 cm depth. Since land-use
change primarily affects the upper 30–40 cm, δ13C values in riparian
and plantatiońs subsoils should be similar, as it was clearly shown for
well-drained areas (Fig. 4).

Another reason for the higher proportion of enriched 13C in riparian
plantations is the limited input of C from aboveground litter providing,
less easily available material for decomposers. Microorganisms in the
topsoil of riparian plantations have to consume strongly processed C
fractions with high 13C enrichment (Fig. 4). In contrast to the erosion of
well-drained plantations, soil C losses in riparian plantations are mainly
controlled by mineralization processes, with potential additional fluvial
erosion–deposition effects. The effect of accelerated mineralization
under agricultural use extends over a longer time period and may al-
ready be detectable in the very accurate measurable δ13C values but not
yet significant changes of the C stock estimates, which suffer from
combined variation of bulk density and C content values. Thus, the

Fig. 4. δ13C depth profiles in riparian (solid lines) and well-drained soils (dashed lines). δ13C values at fixed depth represent means (in forest n = 3, in plantations
n = 4). Error bars indicate the Standard Error of Mean (SEM).

Fig. 5. Impact of riparian forest conversion in combination with specific ecosystem characteristics on δ13C distributions in the soil depth, separated in decomposition
and erosion effects in well-drained areas (left) and decomposition and deposition as well as alternating oxic and anoxic conditions in the riparian areas (right).
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immediate erosion after converting natural forests to plantations leads
to a strong decline of C stocks on well-drained mineral soils, but not in
riparian plantations although the riparian plantations have similar age.
Hence, C stocks in riparian areas respond more slowly to land-use
change due to 1) their overall slower mineralization rates under flooded
conditions and 2) less erosion and partial deposition (Fig. 5).

5. Conclusions

Land-use change in tropical regions has severe impacts on soil C
stocks, due to erosion and enhanced mineralization. However, the
specific geomorphic conditions in riparian areas counter these land-use
effects through two dominant processes:

(1) C preservation due to oxygen-limited mineralization under alter-
nating oxic and anoxic conditions and

(2) input and accumulation of allochthonous organic materials with
various decomposition degree.

These dynamics of seasonal flooding followed by delayed miner-
alization are reflected by the heterogeneous δ13C pattern. Compared to
well-drained areas, riparian areas are more resilient to short-term (1–2
decades) soil C loss after land-use change, as topsoil layers show similar
C stocks compared to that under natural vegetation. However, ac-
celerated mineralization in the topsoil indicates possible long-term ef-
fects on C storage. Riparian areas, especially if drained, have high C loss
potential, considering the high amounts of subsoil C in their buried C-
rich layers. Our study shows, that further research is required to deepen
the understanding of the role of riparian areas in global C storage and
the vulnerability of these C stocks under the combined effect of land-use
change and riparian properties.
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