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Abstract

Background Nutrient cycle in tropical forests is
mainly driven by litter fall amounts and by litter
decay due to litter physical and chemical properties.
Apart from differences in site conditions, different
successional stages of tropical rainforests may influ-
ence nutrient inputs to the soil via differences in litter
fall and decay.

Methods We studied leaf litter fall, decomposition
and related nutrient input to the soil in two secondary
tropical rainforest types differing in land-use intensity
and history in the lowlands of Sumatra (Indonesia).
Results  Mean annual litter fall was by 29.5% higher
in the old than in the young secondary forests. In con-
trast, annual litter decomposition differed only mar-
ginally (54.9% vs. 52.1%) in young vs. old second-
ary forests. Litter chemical composition (C, N, P, K
contents) did not differ between the forest types. Lit-
ter decomposition was also not different between the
forest types (4.6% vs. 4.3% loss of initial weight per

Responsible Editor: Elizabeth M Baggs.

L. Alvafritz

Research and Development Departement, PT Restorasi
Ekosistem Indonesia, J1. Kopral Hambali No.120 Kel. Pal
Merah Lama, Jambi 36139, Indonesia

D. Hertel (D<)

University of Gottingen, Albrecht von Haller Institute
for Plant Sciences, Plant Ecology and Ecosystems
Research, Untere Karspiile 2, Gottingen 37073, Germany
e-mail: dhertel@gwdg.de

month). Consequently, annual nutrient input to the
soil was primarily affected by differences in leaf litter
production, thus, old secondary forests exceeded that
of young secondary forests by 30% and 24% for C
and N, but was not different regaring P and K among
the two forest types.

Conclusions The results indicate that litter nutri-
ent inputs to the soil in the two types of secondary
tropical lowland forests are most strongly influenced
by aboveground litter production rather than litter
chemical quality or litter decay. We conclude that the
restoration status of secondary tropical lowland for-
ests is crucial for the nutrient status of these forest
ecosystems.

Keywords Leaf litter decay - Tropical rainforest
conversion - Soil nutrient input - Rainforest
ecosystem restoration

Introduction

Soil organic matter and soil nutrient sources are
strongly influenced by decomposing leaf litter fall
(beside of root litter inputs), therefore leaf litter material
plays a major role in carbon and nutrient cycles of eco-
systems (Vitousek 1984; Vitousek and Sanford 1986;
Rapp et al. 1999; Lohbeck et al. 2015). Organic matter
forms the source of energy for microorganisms and as
it decomposes nutrients bound in litter are mineralized
(Pfeiffer et al. 2013; Hicks et al. 2018). Plants are main
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drivers of nutrient input via litter fall and rhizodeposi-
tion, and litter quality is an important driver of decom-
position processes (De Deyn et al. 2008; Vesterdal et al.
2008; Hertel et al. 2009; Pfeiffer et al. 2013; Lohbeck
et al. 2015). This is in accordance to studies on leaf lit-
ter decomposition in tropical moist forest worldwide
(Vitousek 1984; Burghouts 1993; Kavvadias et al.
2001; Hertel et al. 2009; Xiogai et al. 2013; Kotowska
et al. 2015b). Results of these studies suggest that nutri-
ent cycling is crucial for the functioning of tropical for-
ests, but the effect of forest conversion on leaf litter fall
and nutrient cycling is not fully understood so far.

Tropical lowland rainforests of South East Asia
count among the most threatened ecosystems in
the world due to the persistent forest conversion
into agricultural production systems such as rub-
ber and oil palm plantations (Wilcove et al. 2013;
Krashevska et al. 2015). Indonesia has become the
world’s largest palm oil (Koh et al. 2011) and sec-
ond largest rubber producer during the last decades
(Marimin et al. 2014). Based on the National Forest
Inventory (NFI) from 1985-1997 22.5 million hec-
tars have been deforested which is equivalent to a
deforestation rate of 1.8 million ha/year (Indonesian
ministry of forestry 2002). Differences in logging
intensity, frequency and time since logging affect the
structure of secondary forests. The removal of large
trees creates canopy gaps (Tsingalia 2010) and the
use of heavy machinery results in compacted topsoils
(Hillel 1982; Donahue et al. 1983; Kasel and Ben-
net 2007 and 2011). Consequently, a logged over for-
est tends to become dominated by pioneer species
which are adapted to early successional conditions
with their dominance increasing with the intensity of
disturbance (e.g. Rutten et al. 2015). Logged rainfor-
est has been classified according to their successional
stage and timber production value according to stem
size distribution, total basal area and the successional
status of the species present (Vila et al. 2013; Martin
et al. 2013; Swinfield et al. 2016; Bertoncello et al.
2016). However, few studies examined variations
in aboveground litter fall, litter decomposition and
related nutrient input to the soil depending on the
successional stage of tropical secondary lowland for-
ests (e.g. Kotowska et al. 2015b).

Harapan Rainforest Reserve (HRF) in Sumatra,
Indonesia, is one of the few remaining tropical lowland
rainforests in this part of South-East Asia. A total of
607 species of trees have been recorded in this forest
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reserve (research data of HRF, 2012). Rembold et al.
(2017) found 1382 plant species and morpho-species
from 148 vascular plant families, including 724 tree,
379 shrub species, and 258 herb species in the lowland
rainforest reserves Harapan rainforest and Bukit 12
National Park (northwest of Harapan forest) empha-
sizing the high biodiversity status of these two tropi-
cal lowland forest reserves on Sumatra. However, the
Harapan Rainforest Reserve was and still is under
the pressure of logging activities by legal and illegal
timber harvesting dating back to the 1970s. The dif-
ferences in these logging activities has created forest
areas that are more of a natural tree species composi-
tion and stand structure, while others are more strongly
affected by logging.

The aim of our study was to compare leaf litter
production and decomposition between rather natu-
ral forest sites (‘old secondary forest’, ’OSF’) with
those where the structure and species composition
have been changed more strongly (’young second-
ary forest’, ’YSF’’) in the Harapan forest reserve. We
selected six pairs of the respective forest types and
investigated leaf litter fall, litter decomposition and
the associated nutrient return to the soil.

More explicitly, the aims of this research study were:

1) to quantify the amount of leaf litter fall in "young’
and ’old’ secondary forests in the HRF,

2) to analyze the nutrient contents in the leaf litter
of the YSF and OSF in the HRF,

3) to determine the nutrient stocks in the soil of both
forest types in the HRF,

4) to analyze the correspondence of leaf litter fall
production and climate conditions (precipitation
and temperature),

5) to investigate the rate of decomposition rate of
leaf litter in both forest types In the HRF,

6) to assess the proportion of nutrients in the leaf
litter that is transferred to the soil through litter
decomposition.

We wanted to test the hypotheses (i) that leaf
litter production differs between the two types of
secondary lowland rainforest types, (ii) that litter
chemical properties differ between the forest types
due to differences in species composition, and thus
(iii) that element return via leaf litter production
and litter decay to the soil differs between the two
lowland secondary forest types.
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Fig. 1 Map showing the location of the Harapan forest reserve
in the Jambi province on Sumatra, Indonesia

Material and methods
Study site description and plot selection

The research was conducted in the Harapan Rain-
forest Reserve (HRF), district of Batanghari, Jambi
province, Sumatra, Indonesia (Figs. 1 and 2). The

Fig. 2 View of one of the
young (left) and the old
(right) secondary forest
sites, respectively, in the
Harapan tropical low-

land rainforest reserve in
Sumatra (Indonesia). Photo
credits: D. Hertel

forest plots grow on rather flat area and are char-
acterized by high plant biodiversity. Mean annual
rainfall is 2643 mm and mean monthly temperature
is 28°C (Table 1). The soil type is predominantly
medium nutrient-rich Oxisol (Allen et al. 2016;
Drescher et al. 2016; for more soil chemical data
see Table 1).

For each secondary forest type (‘old” wvs.
young’), six pairs of replicated plots were estab-
lished in spring 2014 within a proximity of 300 m
up to seven km that guarantee statistical independ-
ence under similar site conditions regarding soil
chemical properties, and climate conditions in this
climatical and geological homogenous tropical low-
land area. At each site, a pair of ’young’ secondary
forest, i.e. apparent logging activities during the last
5 years characterized by a basal area (BA) less than
6 m? ha~! with > 30% of the BA comprising pioneer
tree species, and ’old secondary forest’, i.e. only
slightly logged over of the largest canopy trees in
the past 10 years characterized by BA> 12 (up to
30) m? ha™! with only < 10% of the BA comprising
pioneer tree species (for details, see Rembold et al.
2017), were selected.

Study plots soil chemical properties

The soil samples were taken at 0-5 cm, 5-30 cm,
30-60 cm and 60-80 cm soil depth, respectively.
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Table 1 Element content of the soil (per depth) in each of the
two forest types. Given are mean values and standard error
(n=6) of total C and N contents, and extractabel P, Ca, Mg, and
K contents. For details on the measured variables and meth-
ods used, see the respective description in the methods section.

Numbers followed by different letters are significantly different
using Tukey’s honest significant difference (p <0.05) and refer
on the comparison of the two forest types per soil horizon. Mar-
ginally significant differences are marked in parenthesis

Forest type Soil C (%) N (%) Available Exc.Ca Exc.Mg Exc.K
depth (cm) P (mg kg‘l) (cmol kg‘l) (cmol kg_l) (cmol kg"l)
Old secondary 0-5 5.78(x0.28)a  0.39(+0.033)a 2.87(x1.98)a 38.14(x9.17)a 40.5(x5.16)a  0.16%+(0.07) a
forest 5-30 2.35(x0.32)a  0.17(+0.026) a  1.72(x0.65)a 7.37(+0.87)a 7.56(+1.96)a  0.17(x0.07) a
30-60 1.78 (£0.28)a  0.10(+0.021) a 1.05(+0.33)a 4.38(x=1.12)a 3.60(x1.41)a  0.18(+0.18) a
60-80 149(+024)a 0.06(+0.02)a  0.58(x0.21)a 3.50(+0.93)a 1.94(x0.86)a  0.17(+0.11)a
Young second- 0-5 4.19 (+0.40) (b) 0.30 (+0.07)a  1.80(=0.59)a 29.01(x9.31)a 35.77(x5.37)a 0.18(+0.008) a
ary forest 5-30 2.12(+0.18)a  0.26(x£0.039)a 1.36(+0.60) a 8.55(+0.89)a 10.11(+1.75)a 0.16(+0.07) a

30-60
60-80

1.71 (£0.92) a
1.47(+£0.07) a

0.10(x£0.035) a
0.11(x0.03) a

0.56(+0.15)a 6.90(+0.99) a
0.57(x0.12) a 5.22(+0.35) a

6.68(+1.43)a
4.67(x1.29)a

0.17(+0.02) a
0.18(+0.18) a

The soil samples were analyzed for carbon, nitro-
gen, plant-available phosphorus, and exchange-
able cations (CEC). Soil and litter samples were
analyzed in Jambi at Andalas University’s labo-
ratory. Total N was measured by using the Kjel-
dahl method, i.e. 5 g soil was digested in H,SO,,
using catalyst mixture (CuSO,, Na,SO, and
selenium powder) and distillation. Total C was
determined by 5 g soil was digested in K,Cr,0,
and H,SO, (Black 1965). Available P was meas-
ured by using the Bray method, i.e. 2.5 g soil

was digested Bray and Kurt extraction (0.025
N HCL + NH,F 0.03 N liquid), (Bray and Kurtz
1945). Total P was measured by wet combus-
tion/dectruction method, i.e. 2.5 g litter sample
were digested in 2.5 ml H,SO, and determined
by Spectrophotometer (Jones 1984). Total K was
analyzed by using flame photometry, HCL 25%
as a reagent (Jones 1984). Exchangeable cat-
ion concentrations were determined by atomic
absorption spectrophotometer after soil percola-
tion with NH,-Ac (Chapman 1965).

Table 2 Seasonal and annual leaf litter production in old secondary forest (OSF) and young secondary forest (YSF) as compared to
the climate regime (measured at camp 35, Harapan Forest Reserve). Numbers followed by same letter are not significantly different

using Tukey’s honest significant difference (p <0.05)

Date YSF OSF Rainfall (mm) Air temp. Cc) Max. air Min. air
(gm™) (gm™) temp. (°C) temp. (°C)
May 2014 62.56 110.90 133.6 27.39 28.30 25.60
Jun-2014 75.44 109.44 148.2 27.10 28.50 24.90
Jul-2014 45.24 65.11 126.6 27.19 28.40 24.40
Aug-2014 62.42 66.41 26.0 26.25 27.40 24.40
Sep-2014 65.03 64.60 18.9 26.68 27.60 23.80
Oct-2014 144.78 178.12 122.7 26.77 28.10 24.40
Nov-2014 79.83 88.83 194.5 26.80 28.10 25.60
Dec-2014 40.99 61.79 215.5 26.60 27.60 23.60
Jan-2015 51.03 61.64 203.1 26.33 27.60 24.10
Feb-2015 40.83 50.99 202.1 26.55 28.60 24.40
Mar-2015 29.03 41.00 319.7 26.97 28.40 24.60
Apr-2015 34.89 50.93 361.1 27.22 28.70 25.80
Total / mean 733.29 b 949.75 a 2072 26.82 28.11 24.63
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Measurement of aboveground litter production

In every plot, five places were selected randomly
where the soil samples for chemical analyses were
taken, litter traps (60 cm X 60 cm size) were placed
and litter bags for investigating seasonal leaf litter
decay were placed (see below). The leaf litter was
collected every month between May 2014 and April
2015. Litter fall samples were collected and separated
into different litter components, containing leaf lit-
ter, and dry weight was analyzed by drying the litter
material at 65°C to constant weight for 48 h. Only
leaf litter was used for the further analyses in our
study. The leaf litter samples were then grinded and
analyzed for element contents.

Measurement of litter decomposition and element
input to the soil via leaf litter production and
decomposition

For the measurement of leaf litter decomposition,
the leaf litter was air dried and put into litter bags
(20 cm X 10 cm, mesh size for the bottom side 1 mm
and upper side 2.5 mm) with 10 g litter per bag. The
litter bags were put in the field at the same location
as the litter trap sites. In total, 300 litter bags were
installed in the field at six locations in old second-
ary forest and six locations in young secondary for-
est. At each location five litter bags replications were
installed to allow for five dates of resampling the
bags; i.e. zero time (starting conditions), and after 3,
6, 9, and after 12 months of field incubation. To avoid
the samples being lost by erosion or other events, the
litter bags were pinned to the soil using a nail 7 inch
in every corner of the litterbag to the ground. After
recollecting the litter bags from the field we analyzed
the remaining dry weight to determine the mass loss
and rate decomposition and then to estimate the nutri-
ent input to the soil.

Element input to the soil via leaf litter fall and
decomposition

Annual input of chemical elements (C, N, P, K) to
the soil via leaf litter fall and decomposition was cal-
culated based on the annual leaf litter fall, leaf litter
decomposition, and the chemical composition of the
leaf litter.

Statistical analyses

An analyses of variance (ANOVA) was conducted in
form of one-way procedures with post-hoc Tuckey HSD
test were used to determine the different variables. All
analyses were conducted using SPSS software (version
16) with statistical significance at p<0.5% level. Addi-
tionally, a Principal Componant Analysis (PCA) was
conducted in order to detect differences between the six
young (YSF) and old secondary (OSF) lowland forests,
respectively, in Jambi Province, Sumatra, regarding
annual leaf litter fall (Lif), leaf litter chemical composi-
tion regarding leaf litter C, N, and P concentration (LIC,
LIN, LIP), element return via leaf litter fall (LIfC, LIfN,
LIfP), annual leaf litter decomposition rate (percentage
of remaining dry mass; Lld), annual element return to
the soil of C, N, P via leaf litter fall and decomposition
(LIfdC, LIfdN, LIfdP), and soil C, N, and P concentra-
tion (0-5 cm soil depth, SC, SN, SP), respectively. The
analysis was conducted using CANOCO software, ver-
sion 5.02 (Biometris, Wageningen, the Netherlands).

Results
Chemical properties of the soil

The concentration for all chemical elements investi-
gated (C, N, P, Ca, Mg, K) was highest in the top soil
except for potassium values, and clearly decreased with
increasing soil depth (Table 1). Except for this element,
the two secondary forest types showed no significant
chemical element concentrations in each soil depth.

Leaf litter production

The quantity of leaf litter produced significantly varied
between old and young secondary forests. The highest
litter fall was measured in October 2014 and the low-
est production was measured in March 2015 which fol-
lowed the annual rainfall regime (Table 2). Old second-
ary forests had higher litter fall production than young
secondary forests. The monthly litter fall production at
young and old secondary forests varied from 29 to 144.
and 41 to 178 g m™2 year ~', respectively (Table 2).
The total annual litter fall total in old secondary forests
(949.8 g m~2 yr~!) was by 29.6% higher than in young
secondary forests (733.3 g m~2 yr~!, Table 2 and
Fig. 4). The lowest litter fall production occurred in the
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Table 3 Element concentration (in % d.w.) of leaf litter in the
old and young tropical secondary forest plots. Given are means
and standard error for six plots per forest type. Numbers fol-

lowed by different numbers were significantly different using
Tukey’s honest significant difference (p <0.05)

Forest type C (%) N (%)

P (%) K (%)

48.06 (£0.73) a
50.18 (+0.57) b

Young secondary forest
Old secondary forest

0.93 (£0.55) a
1.07 (+£0.66) a

0.021 (+0.0067) a
0.018 (+0.0019) a

0.240 (£0.022) a
0.213 (£0.026) a

rainy season (with highest rainfall), while the highest
production of litter fall occurred in October, which was
the month following after the season of lowest rain fall
(Table 2). The temperature in the research area, in con-
trast, was quite invariate during the study period.

Leaf litter element concentration

The chemical composition of leaf litter in old second-
ary forest and young secondary forests did not show
statistically significant differences except of some-
what higher C concentrations in the old vs. young
secondary forests (Table 3).

Decomposition of leaf litter

After three months of incubation of leaf litter in litter
bags, the dry weight loss was more than 25% of the
initial weight (Table 4). However, there was no signif-
icant difference in litter decay between the two forest
types, although the difference in litter decomposition
between the two forest types seemed to increase with
time with higher litter decay in young secondary for-
ests (Table 4).

Table 4 Leaf litter weight (g d.w.) at the beginning of the
decomposition experiment and remaining leaf litter weight
(g d.w.) after the period of four dates of litter bag incubation
in the field in the old and young secondary forests. Given are
means and standard error (n=6) and the percentage weight

After one of year, litter decay was found to be
somewhat faster in the young secondary forest com-
pared to old secondary forest, but this result was
only marginally significant (p<0.10; Table 4 and
Fig. 3). Within 1 year, incubated litter of old and
young secondary forest decomposed more than half
of the initial litter dry weight i.e. 54.9% in the young
secondary forest vs. 52.1% in the old secondary for-
est (Fig. 4).

Element input to the soil via leaf litter fall and
decomposition

Element input to the soil via leaf litter decomposi-
tion in the presented study showed that the C and
N input was significantly higher in the old second-
ary forests than the young secondary forests (Table
5). In contrast, no differences were found in the
annual nutrient input of P and K via litter input
and decomposition between old secondary forests
and young secondary forests. However, all four ele-
ments investigated showed higher input values in
the old secondary than in the young secondary for-
est (Table 5).

loss of the original litter mass (after the slash). Numbers fol-
lowed by different letters (comparing old secondary forest and
young secondary forest) are not significant different at p<0.05
according to the Tukey’s honestly significant differences test

Date Young secondary forest

Old secondary forest

September 2014 (zero time) 9.693

7.137(x£0.29) a
6.013 (£0.31)a
5.420 (£0.48) a
4.368 (£0.39) a

December 2014 (3 months)
March 2015 (6 months)

June 2015 (9 months)
September 2015 (12 months)

9.693
7.140 (+£0.19) a
6.483 (+0.25) a
5.665 (+£0.25) a
4.642 (£0.38) a
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Fig. 4 Annual leaf litter decomposition rate (percentage of
remaining dry mass) and annual leaf litter production in the
six young secondary (YSF) and old secondary forests (OSF),
respectively. Given are means and standard error. Means
within a column followed by different letter are significantly
different using Tukey’s honest significant difference (p <0.05)

Table 5 Annual element input to the soil via leaf litter produc-
tion and decomposition in old and young secondary forest fol-
lowed by standard error (n=6). Given are means and standard

Fig. 5 Results from a Principal Component Analysis (PCA)
of the differences between the six young (YSF) and old sec-
ondary (OSF) lowland forests, respectively, in Jambi Province,
Sumatra, regarding annual leaf litter fall (Lif), leaf litter chemi-
cal composition regarding leaf litter C, N, and P concentra-
tion (LIC, LIN, LIP), element return via leaf litter fall (LIfC,
LIfN, LIfP), annual leaf litter decomposition rate (percentage
of remaining dry mass; Lld) annual element return to the soil
of C, N, P via leaf litter fall and decomposition (LIfdC, LIfdN,
LIfdP), and soil C, N, and P contents (0-5 cm soil depth; SC,
SN, SP), respectively

Analysis of overall interactions (PCA)

Ordination of the two lowland rainforest types follow-
ing a principal component analysis (PCA) based on
the investigated soil and leaf litter chemical composi-
tion, leaf litter fall amount, and litter decomposition
patterns showed a clear separation of the forest types.
Figure 5 and Table 6. Thus, the first principal compo-
nent axis was significantly associated by annual litter
fall amount, leaf litter C amount, leaf litter C and N flux
via litter fall, as well as annual input of C and N via leaf

errors. Numbers with different letter are significantly different,
using Tukey’s honest significant difference (p <0.05)

Forest type C(gm2yrh

N(gm™yr)

P(gm7?yr) K(gm?yr)

Young secondary forest 192.03 (£2.74) a

Old secondary forest 249.85 (+£3.29) b

2.10 (£0.24) a
2.62 (+0.28) b

0.085 (£0.019) a
0.087 (£0.028) a

0.949 (£0.102) a
1.054(+0.176) a
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Table 6 Results from a Principal Component Analysis (PCA)
of the differences between the six young (YSF) and old sec-
ondary (OSF) lowland forests, respectively, in Jambi Province,
Sumatra, regarding annual leaf litter fall (Lif), leaf litter chemi-
cal composition regarding leaf litter C, N, and P concentra-
tion (LIC, LIN, LIP), element return via leaf litter fall (LIfC,
LIfN, LIfP), annual leaf litter decomposition rate (percentage
of remaining dry mass; Lld), annual element return to the soil

of C, N, P via leaf litter fall and decomposition (LIfdC, LIfdN,
LIfdP), and soil C, N, and P content (0-5 cm soil depth, SC,
SN, SP), respectively. Given are the Eigenvalues of the four
main PCA axes and the loadings of the 14 variables on these
axes; the values in brackets give the cumulative fraction of
variance of variable explained. The most important factors on
each axis are printed in bold

Variable Axis 1

Axis 2 Axis 3 Axis 4

EV 0.375(0.37) EV 0.296 (0.67) EV 0.127 (0.80) EV0.093 0.89)

Annual leaf litter fall (g m™~? yr_]) 0.881 (0.78) -0.288 (0.86) -0.168 (0.89) -0.011 (0.89)
Annual leaf litter decomposition 0.261 (0.07) 0.520 (0.34) -0.652 (0.76) 0.251 (0.83)
(% of initial dry weight)

Leaf litter C (% dry weight) 0.701 (0.49) -0.556 (0.80) 0.316 (0.90) -0.172 (0.93)
Leaf litter N (% dry weight) 0.416 (0.17) -0.601 (0.54) 0.366 (0.67) 0.399 (0.83)
Leaf litter P (% dry weight) 0.129 (0.17) 0.853 (0.75) 0.371 (0.88) -0.330 (0.99)
Annual leaf litter fall C (g C m™2 yr’l) 0.891 (0.79) -0.333 (0.91) -0.113 (0.92) -0.032 (0.92)
Annual leaf litter fall N (g N m~2 yr™!) 0.869 (0.76) -0.021 (0.76) 0.456 (0.96) 0.037 (0.96)
Annual leaf litter fall P (g P m™> yr’l) 0.434 (0.19) 0.782 (0.80) 0.261 (0.87) -0.353 (0.99)
Annual leaf litter fall and decomposition C (g C m™2 yr’l) 0.845 (0.71) 0.069 (0.72) -0.492 (0.96) 0.132 (0.98)
Annual leaf litter fall and decomposition N (g N m™2 yr’l) 0.923 (0.85) 0.258 (0.92) 0.077 (0.93) 0.167 (0.95)
Annual leaf litter fall and decomposition P (g P m™> yr’l) 0.474 (0.23) 0.838 (0.93) 0.026 (0.93) -0.227 (0.98)
Soil C (% dry weight) 0.347 (0.12) -0.665 (0.56) -0.270 (0.64) -0.454 (0.84)
Soil N (% dry weight) -0.202 (0.04) -0.656 (0.41) -0.072 (0.48) -0.668 (0.92)
Soil P (mg kg™! dry weight) -0.172 (0.03) -0.162 (0.06) 0.586 (0.40) 0.258 (0.47)

litterfall and decomposition. On the other hand, leaf lit-
ter decomposition was strongly positively associated
with the second axis and strongly negatively associated
with the third axis. Similarly, leaf litter P concentration
as well as annual leaf litter fall P and input of leaf lit-
ter P to the soil via litter fall and decomposition was
strongly associated to the second axis of the PCA. Nota-
bly, 4 of 6 YSF plots were associated negativly with the
first component axis, while 5 of 6 OSF plots were posi-
tively associated with the first component axis indicating a
clear differentation of the YSF and OSF plots.

Discussion

Supporting our first hypothesis, the results of our
study showed that the old secondary forests had a sig-
nificantly higher total leaf litter production than the
young secondary forests in the Harapan forest reserve
area. Thus, in line with our expectations, the old sec-
ondary forest revealed a higher annual amount of leaf
litter fall that, most likely, is due to the higher tree
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stem density, size of trees and higher leaf area index
in the old compared to the young secondary forest
stands. With regard to the seasonality of leaf litter
fall, the highest leaf litter production was measured
in October 2014 for both forest types and the lowest
litter fall was measured in March 2015 again for both
forest types, independently. It is a common observa-
tion that trees in tropical rainforests sites with a more
or less seasonal rainfall pattern shed the old leaves
after the end of the dry season, thus our observation
that the litter fall increased in the dry season in both
forest types were in accordance with similar results of
other similar studies (e.g. Vitousek 1984; Kotowska
et al. 2015b; Lohbeck et al. 2015; N’Dri et al. 2018).
The chemical element concentration of the leaf
litter material was found to be somewhat but not
statistically significantly higher in young second-
ary forests than in old secondary forests (regarding
N, P and K concentration), but this was statistically
not significant. This trend might be due to the fact
that fast growing pioneer tree species have found to
show higher leaf nutrient concentrations compared to
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slower growing late successional species (e.g. Duse-
nge et al. 2015). However the leaf litter chemical
properties were similar compared to other studies in
tropical lowland forests (e.g. Kotowska et al 2015b).
After one year of litter decomposition in the
field, the young secondary forests had an only mar-
ginally higher decomposition rate than the old sec-
ondary forests: overall, high and young secondary
forests lost more than half of original litter material
via litter decay. The leaf litter decomposition pro-
cess has been found to be mainly driven by differ-
ences in climate and soil conditions among sites
(e.g. temperature, soil fertility, and bulk density)
as well as by the leaf litter chemical composi-
tion (Swift et al. 1979; Tripathi et al. 2006; Rapp
et al.1999, van Straaten et al. 2014, Hicks et al.
2018). Differences in leaf litter decomposition rates
of tropical tree species have been reported in several
studies (Swift et al. 1979; Aranguren et al. 1982;
Vitousek 1984; Hedge 1995; Rapp et al.1999; Tri-
pathi et al. 2006; Wang et al. 2008; Hayashi et al.
2012; Lohbeck et al. 2015; Kotowska et al. 2015b;
Hicks et al. 2018). Beside differences in site factors,
it has been observed that the initial lignin/N ratio
of the leaf litter material is decisive for control-
ling the earlier phases of the litter decomposition
process (Harmon et al. 1990; Cofiteaux et al. 1995;
Ribeiro et al. 2002; Yang et al. 2004 and Tripathi
et al. 2006; Zang et al. 2018). Unfortunately, lit-
ter lignin concentrations were not been determined
in our study. However, since the forest sites in the
study by Meriem et al. (2016) and in our study were
the same, we can use this information for an assess-
ment of the importance of the lignin/N ratio for our
decomposition rates. Therefore, we assume that the
slightly higher carbon concentration in the leaf lit-
ter material of the OSF compared to the YSF may
indicate a higher lignin/N ratio in the litter material
of the OSF that may at least partly explain the trend
of a lower decomposition rate in the old second-
ary forest. Furthermore, the difference of a lower
basal area and thus lower canopy closure of the YSF
compared to the OSF should both have led to an
increase in solar radiation to the floor and therefore
an increase in the temperature at the ground. Higher
soil temperature is known to enhance the decompo-
sition process (Vitousek and Sanford 1986; Kavva-
dias et al. 2001; Steffan-Dewenter et al. 2007; Leb-
rija-Trejos et al. 2010; Kotowska 2015b; Krishna

and Mohan 2017). Thus, the similar results in litter
decay in the young and the old secondary tropical
lowland forests in our study may be mainly a result
of similar soil nutrient conditions, particularly in
the top soil of our study sites, as well as small dif-
ferences in the leaf litter chemical composition, but
could be also due to the difference in the thermal
regime at the forest floor that might counterbalance
the above mentioned differences i.e. in chemical
leaf litter composition.

The soil fertility is often influenced by the activi-
ties of microorganisms, decomposers and enzymes
(Coliteaux et al. 1995; Raubuch and Beese 1995;
Rejméankova and Sirova, 2007; Agegnehu and
Amede 2017). The nutrient stock of the soil and the
litter fall production has an important impact on the
nutrient cycling in the forest ecosystems. Nutrient
concentration of the soil can influence the decom-
position process of litter fall (Swift et al. 1979; Tri-
pathi et al. 2006; Hobbie 2015; Meriem et al. 2016;
Hicks et al. 2018) and vice versa litter fall also
influence the nutrient input to soil via decomposi-
tion (Wang et al. 2008).

Nutrient and C flux to the soil via litter fall and
litter decomposition in the present study was signifi-
cantly higher in old secondary forest compared to
the young secondary forest. The nutrient input to the
soil is generally influenced by the litter fall amount,
the litter chemical composition, and the litter decay
rate (e.g. Krishna and Mohan 2017; Kavvadias
et al. 2001). Annual C, N, P and K return to the soil
through litter production and decomposition was by
30.1, 24.1 percent higher in the old secondary forests
compared to the young secondary forest plots, but not
significantly higher for P and K between the tow for-
est types, respectively. The main factor, however, for
the higher nutrient inputs to the soil via litter fall and
decomposition in this study was the differences in
total leaf litter fall between the two forest types rather
than differences in leaf litter nutrient concentrations
or the leaf litter decomposition rates. This has been
similarly been found by Kavvadias et al. 2001. They
found that difference in nutrient concentration of lit-
ter fall and nutrient input to the soil between two sites
in undisturbed natural forest, Greece (high site quality
and low site quality) were mainly due to the different
litter fall amounts.

The total soil organic carbon in the top soil
(0-5 cm) of old secondary forests was higher than that
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of young secondary forests (5.78% vs. 4.19%, respec-
tively), while the organic carbon tended to decrease
with soil depth in both forest types. It is a general
phenomenon that soil organic carbon is always accu-
mulated mainly in the top soil (Dieter, et al. 2010)
as a result of soil carbon input via leaf litter fall as
well as via root litter input as fine root biomass has
been shown to strongly decrease with soil depth as
well (Hertel et al. 2009; Violita et al. 2015; Angst
et al. 2015, 2018; Kotowska et al. 2015a; Heinze et al.
2018). The higher concentration of organic carbon in
the topsoil of the old secondary forests compared to
the young secondary forest is therefore most likely
caused by the higher litter fall production in this sys-
tem. The same is true for the differences in nitrogen
concentrations in the topsoil of the two different sec-
ondary forest types. Soil N in the uppermost soil was
significantly higher in old secondary forests than in
young secondary forests, and as the organic carbon
concentration, decreased with soil depth in both forest
types. The higher level of N in the topsoil of the old
secondary forests is therefore due to the higher level
of organic carbon input and storage there. This is in
accordance with findings e.g. by Rapp et al. (1999);
Mendham et al. (2002); Martinez-Mena et al. (2008);
N’Diri et al. (2018); Allen et al. (2018).

Conclusions

The litter decomposition after a year of litter incuba-
tion in the field was more than 50% of the initial litter
dry mass in both forest types. It had a large contribu-
tion to the nutrient input to the soil beside the differ-
ences in annual litter fall production between the forest
types. In our study the nutrient input to the soil was
significantly higher the in old secondary forests than
in the young secondary forests. This indicates that old
secondary forests in tropical lowland rain forests need
to be kept preserved and protected from illegal logging
not only from a biodiversity but also from a soil nutri-
ent cycle perspective. Furthermore, the results from
our study emphasize that young secondary forests in
tropical lowlands need to be restored to reach the sta-
tus of later successional forests in order to keep these
forest ecosystems stable in terms of the ecosystems’
soil nutrient status and cycle.
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