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Abstract Focusing on Sumatra, a hotspot of tropical lowland
rainforest transformation, we investigated effects of the con-
version of rainforests into rubber agroforests (Bjungle
rubber^), intensive rubber, and oil palm plantations on the
communities of litter and soil microorganisms and identified
factors responsible for these changes. Litter basal respiration,
microbial biomass, total bacterial phospholipid fatty acids
(PLFAs), and fungal PLFAs did not vary significantly with
rainforest conversion. In litter of converted ecosystems, the
concentration of certain PLFAs including the Gram-negative
bacteria marker PLFA cy17:0 and the Gram-positive bacteria
marker PLFA i17:0 was reduced as compared to rainforest,
whereas the concentration of the arbuscular mycorrhizal fungi
(AMF) marker neutral lipid fatty acid (NLFA) 16:1ω5c in-
creased. As indicated by redundancy analysis, litter pH and
carbon concentration explained most of the variation in litter
microbial community composition. In soil, microbial biomass
did not vary significantly with rainforest conversion, whereas
basal respiration declined. Total PLFAs and especially that of
Gram-negative bacteria decreased, whereas PLFA i17:0 in-
creased with rainforest conversion. The concentration of fun-
gal PLFAs increased with rainforest conversion, whereas
NLFA 16:1ω5c did not change significantly. Redundancy
analysis indicated that soil pH explained most of the variation
in soil microbial community composition. Overall, the data

suggest that conversion of rainforests into production systems
results in more pronounced changes in microbial community
composition in soil as compared to litter. In particular, the
response of fungi and bacteria was more pronounced in soil,
while the response of AMF was more pronounced in litter.
Notably, only certain bacterial markers but not those of
saprotrophic fungi and AMF were detrimentally affected by
rainforest conversion.
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Introduction

Biodiversity and services of tropical forests are of global im-
portance (Naeem et al. 2012; Cole et al. 2014); however, driv-
en by the demand for cropland of a growing human popula-
tion, they are among the most threatened ecosystems of the
world, especially in Southeast Asia (Sodhi et al. 2004; Koh
et al. 2011; Wilcove et al. 2013). This applies particularly to
Indonesia, known as a hotspot of biodiversity, but now being
one of the top world’s producer of palm oil (Fitzherbert et al.
2008; Koh et al. 2011) and second in rubber (Marimin et al.
2014). The conversion of rainforests into agricultural land is
associated by deforestation and peatland degradation
(Miettinen et al. 2013), resulting in nonreversible alteration
in biodiversity and ecosystem functions (Sala et al. 2000;
Gibbs et al. 2010). However, studies on effects of land use
changes on biodiversity of plants, invertebrates and verte-
brates, and ecosystem functioning in Southeast Asia are
scarce; long-term studies are missing almost entirely (Fitzher-
bert et al. 2008; Sodhi et al. 2010). Thus, despite the large-
scale conversion of rainforests worldwide, little is known on
biodiversity and ecological functions in converted
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ecosystems, and this applies in particular to the belowground
system (Giam et al. 2010; Wilcove and Koh 2010).

Lowland tropical rainforests are particularly species-rich,
and soil biota account for a significant fraction of their overall
biodiversity (Brussaard et al. 1997). Microorganisms form an
essential component of any ecosystem reaching high diversity,
abundance, and biomass in tropical rainforests (Whitman et al.
1998; Fierer et al. 2007; Roesch et al. 2007). A number of
studies investigated effects of land use changes on soil micro-
bial biomass, diversity, and community composition; howev-
er, the majority of data has been collected in South and Central
America, e.g., Brazil, Ecuador, and Costa Rica (Borneman
and Triplett 1997; Carney et al. 2004; Rodrigues et al. 2013;
Tischer et al. 2014); less information is available from tropical
Asia (Tripathi et al. 2012; Lee-Cruz et al. 2013). Further, the
great majority of studies focused onmineral soil and neglected
the litter layer. This is surprising since litter material in organic
layers forms the living space for a variety of microorganisms
and invertebrates and represents the focal compartment for
organic matter decomposition and nutrient mineralization.
Land use change is known to alter physicochemical properties
in litter, and community composition and functioning of mi-
croorganisms are susceptible to these changes (Murty et al.
2002; Rousk et al. 2010; Chapin et al. 2012; Rasche and
Cadisch 2013). However, there is hardly any information on
how the structure of microbial communities responds to the
conversion of rainforests into major agricultural systems such
as oil palm and rubber in Southeast Asia. To fill this gap of
knowledge, we investigated these changes focusing on Jambi
province in southwest Sumatra with a total area of 50,
058 km2, of which 16 % are covered into oil palm and 12 %
into rubber plantations (Gatto et al. 2015). Forest conversion
has increased markedly in the last 20 years, and this is predict-
ed to continue in the future (Koh and Ghazoul 2010; Gatto
et al. 2015). Therefore, Sumatra represents an ideal model re-
gion to investigate effects of changes in land use on biodiver-
sity and ecosystem functioning at local but also regional scales.
Knowledge on effects of rainforest conversion on microbial
community composition and functioning is essential for under-
standing and predicting the response of tropical ecosystems to
anthropogenic disturbances and environmental changes.

In addition to lowland rainforests, we investigated major
rainforest transformation systems in Sumatra including rubber
agroforests (Bjungle rubber^) and intensively managed rubber
and oil palm plantations. We aimed at quantifying the impact
of rainforest conversion on the community of soil microorgan-
ism and identify the drivers responsible for these changes. To
achieve this goal, we investigated biomass and community
composition of microorganisms and explored potential driv-
ing factors, such as carbon and nitrogen concentrations, pH
and water content in soil and litter. We hypothesized that (1)
microbial communities in litter and soil are differentially af-
fected, with the response of fungal communities being more

pronounced in litter while that of bacterial communities being
more pronounced in soil, as the latter is buffered against
changes in factors associated with land transformation. Fur-
ther, we hypothesized that (2) composition of bacterial and
fungal communities differentially respond to land use changes
and agricultural management as fungi are known to thrive in
forests and to be detrimentally affected by agricultural man-
agement, while bacteria are less affected by disturbances as-
sociated with agricultural practices (van der Wal et al. 2006;
García-Orenes et al. 2013; Baldrian 2014).

Materials and methods

Study sites and sampling

The study sites are located in tropical lowland rainforest in the
Jambi province of southwest Sumatra, Indonesia. Four trans-
formation systems, i.e., secondary rainforest, jungle rubber,
rubber, and oil palm were replicated eight times across two
landscapes, Bukit Duabelas and Harapan, resulting in 32 sam-
pling sites. Secondary rainforest was considered as reference
site and comprised old growth forests with minor logging;
jungle rubber represented rubber agroforestry systems origi-
nating from enrichment of rainforest by rubber; rubber com-
prised monoculture rubber plantations with an average age of
13 years; oil palm comprised monoculture oil palm planta-
tions with an average age of 14 years. Combined NPK, urea,
and potassium chloride are used as fertilizers by smallholders
and added in small amounts to jungle rubber, but at high rates
to rubber and oil palm plantations. Further, lime is added at
irregular intervals to rubber and oil palm plantations. Weeds
typically are controlled by using glyphosate and/or paraquat in
rubber and oil palm plantations but in part alsomanually. Soils
in the Bukit Duabelas region are represented by clay Acrisols
and in the Harapan region by loam Acrisols (Guillaume et al.
2015); for further information on the study sites, see Barnes
et al. (2014) and Guillaume et al. (2015).

Samples from the litter/fermentation and top soil layers
were taken in October/November 2013, using a corer of a
diameter of 5 cm. To account for spatial variability in the
thickness of the litter layer, litter samples from five cores from
each plot were taken and pooled resulting in 32 pooled sam-
ples. Material from the litter layer consisted of a mixture of
organic material including fresh and partly decomposed
leaves from trees, herbs, and mosses (L/F horizon); twigs,
roots, and coarse woody debris were removed by the hand.
For mineral soil (Ah horizon), three soil cores to a depth of
5 cm were taken and pooled, again resulting in 32 pooled
samples. Roots and large litter particles including seeds and
twigs were removed by the hand. Samples were kept on ice
during the sampling campaign and stored at −20 °C until used
for the analyses.
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Environmental factors

Litter and soil pH (CaCl2) were measured using a digital pH
meter. Aliquots of litter and soil material were dried at 65 °C
for 72 h, milled, and analyzed for total C and N concentrations
using an elemental analyzer (Carlo Erba, Milan, Italy).
Amount of litter and water content of litter and soil were
determined gravimetrically.

Microorganisms

Basal respiration and microbial biomass were determined by
measuring O2 consumption using an automated respirometer
system (Scheu 1992; SIR method, Anderson and Domsch
1978; for details see Krashevska et al. 2012). Microbial com-
munity composition was analyzed by fatty acid analysis com-
monly used for analyzing major microbial groups in soil such
as bacteria and fungi (Frostegård et al. 2011). The method has
been proven to be among the most sensitive techniques for
analyzing changes in microbial community composition (Ram-
sey et al. 2006; Joergensen and Wichern 2008; Strickland and
Rousk 2010). For measuring phospholipid fatty acids (PLFAs)
and neutral lipid fatty acids (NLFAs), 2 and 4 g wet litter and
soil, respectively, were extracted following the procedure of
Frostegård et al. (1993); for details, see Krashevska et al.
(2010). Individual PLFAs were calculated as percentages of
total PLFAs (relative nmol g−1 dry litter/soil material). The
sum of PLFAs i15:0, a15:0, 15:0, i16:0, 16:1ω7, 17:0, i17:0,
cy17:0, 18:1ω7, and cy19:0 represented total bacterial PLFAs
(Frostegård and Bååth 1996). The sum of 16:1ω7, cy17:0, and
cy19:0 was used as relative marker for Gram-negative, and the
sum of i15:0, a15:0, i16:0, and i17:0 as relative marker for
Gram-positive bacteria (Zelles 1997, 1999). The sum of
18:2ω6,9, 18:3ω6, 18:3ω3 was used to represent total fungal
PLFAs (Frostegård and Bååth 1996; Ruess and Chamberlain
2010). The NLFA 16:1ω5c was used as marker for arbuscular
mycorrhizal fungi (AMF; nmol g−1 dry litter/soil material;
Lekberg et al. 2012; Ngosong et al. 2012).

Calculations and statistical analyses

Since litter and soil samples were taken from independent soil
cores and the amount of litter varied markedly between sys-
tems, data from litter and soil samples were analyzed separately
using analysis of variance. Effects of forest conversion on the
measured abiotic and biotic variables of litter and soil were
analyzed using forest transformation system (rainforest, jungle
rubber, rubber, oil palm) as fixed factor (type 3 sum of squares)
including landscape (Harapan, Bukit Duabelas) as random fac-
tor in SAS version 9.3 (SAS Institute, Cary, NC,USA). Tukey’s
HSD test was used to identify significant differences between
means. Levels of significance in text and figures are indicated
as ns=P>0.05, *P<0.05, **P<0.01, and ***P<0.001.

Percentages of total PLFAs were analyzed by discriminant
function analysis (DFA) to identify effects of conversionon
PLFA composition in litter and soil layers. Squared
Mahalanobis distances (MD2) between group centroids
(rainforest, jungle rubber, rubber, oil palm) and the reliability
of sample classification were determined. DFAwas performed
using STATISTICA 7.0 for Windows (StatSoft, Tulsa, USA).
For identifying which of the fatty acids were responsible for
significant differences between transformation systems, anal-
yses of variance (ANOVA) for individual PLFAs as well as for
groups of PLFAs (see subsection BMicroorganisms^) were
carried out in SAS (Scheiner and Gurevitch 2001). Prior to
the analyses, relative abundances of PLFAs expressed as per-
centages were arcsine-square root transformed.

Relationships between microorganisms (dependent vari-
ables) and environmental factors (independent variables) were
analyzed using redundancy analysis (RDA). RDA included
only variables significantly affected by forest conversion (ac-
cording to ANOVAs; P<0.05). Monte-Carlo tests (999 per-
mutations) were performed to evaluate overall significance
and the significance of environmental variables and individual
axes. Transformation systems (forest, jungle rubber, rubber,
and oil palm) were included as passive variables. RDA was
implemented in CANOCO 5.02 (Ter Braak and Šmilauer P
2012). Figures were prepared using SigmaPlot for Windows
version 11.0.

Results

Environmental factors in litter

The amount of litter in the litter layer declined in the order F >
J > R > O with 0.18±0.05, 0.12±0.03, 0.09±0.04, and 0.03±
0.02 g cm−2, respectively. Therefore, as compared to
rainforest, the amount of litter in jungle rubber, rubber, and
oil palm was reduced by 30, 50, and 84 %, respectively (F3,
27=30.2***). Water content declined in the order J ≥ F > O =
R with 208±82.8, 175±74.9, 136±71.3, and 118±42.8 % of
litter dry weight, respectively (F3,27=5.45**). Litter pH was
generally higher in converted systems and decreased in the
order O ≥ R > J > F with 5.62±0.37, 5.57±0.26, 5.08±0.44,
and 4.41±0.67, respectively (F3,27=12.4***). Total litter C
concentration was similar in jungle rubber (39.8±5.85 %)
and rainforest (38.4±7.96 %) but lower in rubber (32.8±
10.1 %) and oil palm (29.3±5.51 %; F3,27=9.71***). Total
litter N concentration significantly declined from jungle rub-
ber (1.43±0.09 %) to rainforest (1.31±0.23 %) to oil palm
(1.13±0.16 %) to rubber (1.06±0.29 %; F3,27=9.84***). Lit-
ter C-to-N ratio varied little between transformation systems,
but the differences were significant; it decreased from rubber
(31.2±2.82) to rainforest (29.5±3.84) to jungle rubber (28.3±
4.06) to oil palm (26.6±3.42; F3,27=3.44**).
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Environmental factors in soil

Water content varied little between transformation systems
and was on average 73.7±49.8 % (F3,27=1.00

ns). Soil pH
generally was higher in converted systems and decreased in
the order oil palm (4.70±0.36), rubber (4.39±0.10), jungle
rubber (4.34±0.14), and rainforest (3.78±0.32; F3,27=
23.0***). Total soil C concentration was similar in rainforest
(6.04±3.77 %) and jungle rubber (5.70±2.37 %), but mark-
edly lower in rubber (3.51±1.62 %) and oil palm (3.42±
1.08 %; F3,27=4.10*). Similarly, total soil N concentration
was similar in rainforest (0.36±0.15 %) and jungle rubber
(0.38±0.13 %), but considerably lower in rubber (0.24±
0.07 %) and oil palm (0.25±0.10 %; F3,27=5.96**). Soil C-
to-N ratio did not vary significantly between transformation
systems and was on average 14.6±3.61 (F3,27=0.73

ns).

Microorganisms in litter

In litter neither basal respiration (overall mean 80.5±
5.69 μg O2g

−1 dw h−1; F3,27=1.71
ns) nor microbial

biomass (8.69±0.72 mg Cmic g−1 dw; F3,27=0.65
ns) var-

ied significantly between transformation systems. DFA of
litter fatty acids separated rainforest from oil palm
(MD2 = 64.4***) and rubber plantat ions (MD2 =
84.4***), but less from jungle rubber (MD2=33.0**;
Wilk’s λ=0.014, F102,78=7.41**). Based on ANOVA
total bacterial PLFAs (35.4±8.32 %; F3,27=0.70

ns),
Gram-negative (9.38±3.76 %; F3,27=1.10

ns) and Gram-
positive bacterial PLFAs (12.2±3.69 %; F3,27=0.05

ns),
sum of fungal PLFAs (26.09±6.93 %; F3,27=1.59

ns) did
not vary significantly between transformation systems. In
contrast, PLFAs cy17:0 (F3,27=6.44**) and i17:0 (F3,27=
3.76*), indicators of Gram-negative and Gram-positive
bacteria, respectively, varied significantly between trans-
formation systems and were higher in rainforest as com-
pared to jungle rubber, oil palm, and rubber, on average
by 25 and 16 %, respectively (Fig. 1a, b). In contrast to
PLFAs, NLFA 16:1ω5c was at a minimum in rainforest
and higher in jungle rubber, rubber, and oil palm; on
average, in these systems, it exceeded that in rainforests
by 59 % (F3,27=4.60*; Fig. 1c).

Microorganisms in soil

Soil basal respiration was similar in rainforest and jungle
rubber but lower in rubber and oil palm, on average by
32 % (F3,27=7.34***; Fig. 2a). Soil microbial biomass did
not vary significantly between transformation systems
(overall mean 0.47±0.14 mg Cmic*g

−1 dw; F3,27=1.86
ns).

DFA based on PLFAs separated rainforest from oil palm
(MD2=38.0***) and rubber (MD2=37.9***), but less
from jungle rubber (MD2=21.1**; Wilk’s λ=0.011, F102,
78=8.41**). Concentration of total bacterial PLFAs varied
significantly between transformation systems; it was simi-
lar in rainforest and oil palm and reduced in jungle rubber
and rubber by an average of 17 % (F3,27=4.69**;
Fig. 2b). Also, Gram-negative bacterial PLFAs varied sig-
nificantly between transformation systems; as compared to

Fig. 1 Relative amounts of PLFA cy17:0 (a), PLFA i17:0 (b), and
amounts of AMF NLFA 16:1ω5c (c) in litter of rainforest (F), jungle
rubber (J), rubber (R), and oil palm (O); means with s.d. (n=8). Bars
sharing the same letter do not differ significantly (Tukey’s HSD test,
p<0.05)

Fig. 2 Basal respiration (a), total
bacterial PLFAs (b), Gram-
negative bacterial PLFAs (c),
PLFA i17:0 (d), total fungal
PLFAs (e) in soil of rainforest (F),
jungle rubber (J), rubber (R), and
oil palm (O); means with s.d. (n=
8). Bars sharing the same letter
do not differ significantly
(Tukey’s HSD test, p<0.05)
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rainforest, they were reduced by 52 % in jungle rubber
and in both oil palm and rubber by on average 29 % (F3,
27=4.47**; Fig. 2c). In contrast, the sum of Gram-positive
bacterial PLFAs did not differ significantly between trans-
formation systems and was on average 28.9±5.53 % (F3,
27=1.45

ns). However, PLFA i17:0 was at a minimum in
rainforest and higher in jungle rubber, rubber, and oil
palm; on average, in these systems, it exceeded that in
rainforest by 19 % (F3,27=6.10**; Fig. 2d). In contrast,
total fungal PLFAs were at a maximum in jungle rubber
and exceeded those in rainforest, rubber, and oil palm by
an average of 29 % (F3,27=4.16*; Fig. 2e). NLFA
16:1ω5c was on average 12.0±6.94 nmol g−1 dw and
did not differ significantly between transformation systems
(F3,27=2.53

ns).

Explanatory factors in litter

In the forward selection procedure of RDA, two of the
five quantitative explanatory variables were significantly
related to the community composition of microorganisms
(P<0.05; Fig. 3a). Together, the variables explained
58.8 % of the variation in microbial data, with the trace
being significant (F=2.90*). Litter pH accounted for
28.9 % of total variation in microbial data (F=5.70**).
Carbon concentration was the second environmental var-
iable with significant explanatory power, accounting for
an additional 16.8 % of the variation (F=4.00*). RDA of
microbial and environmental variables separated
rainforest from each of the converted systems (Fig. 3a).
Generally, rainforest was positioned at the end of axis 1
separated from the other systems by higher amount of
litter and i17:0, cy17:0 bacterial PLFAs, while rubber
and oil palm plantations were positioned at the opposite
end and were associated with high pH and high AMF
concentration. The second axis mainly separated jungle
rubber from rubber and oil palm by high water content
and high N and C concentration, and jungle rubber from
rainforest by high AMF concentration.

Explanatory factors in soil

In the forward selection procedure of RDA, one of the
three explanatory variables was significantly related to
the community composition of microorganisms (P<0.05;
Fig. 3b). Together, the variables explained 36.0 % of
the variation in microbial data, with the trace being
significant (F=2.20*). Soil pH accounted for 24.1 %
of total variation in microbial data (F=4.40*). Similar
to the litter layer, RDA of microbial and environmental
variables separated rainforest from each of the converted
systems (Fig. 3b). However, the associations of the
transformation systems with environmental and

microbial variables were more complex than in the litter
layer. Generally, rainforest was positioned at the end of
axis 1 separated from each of the conserved systems by
high concentration of total bacterial PLFAs, by high C
and N concentrations, and high basal respiration, while
rubber and oil plantations were positioned at the oppo-
site end and were associated with high pH and PLFA
i17:0 concentration. Further, jungle rubber was separated
from rainforest and each of the transformed systems by
high fungal PLFAs.

Fig. 3 RDA ordination of litter (a) and soil (b) microbial markers and
environmental factors [water content (water), pH, carbon concentration
(C), nitrogen concentration (N), amount of litter (litter), fatty acids PLFA
cy17:0, an indicator of Gram-negative bacteria, PLFA i17:0, an indicator
of Gram-positive bacteria, total fungal PLFAs (total fungi), total bacterial
PLFAs (total bacteria), NLFA 16:1ω5c, an indicator for arbuscular my-
corrhizal fungi (AMF), basal respiration (BR)] in rainforest, jungle rub-
ber, rubber, and oil palm (included as passive variables, n=8). For litter,
axes 1 and 2 explained 47.5 and 8.8 % of the total variation of the
microbial data, respective values for soil were 25.4 and 9.1 %. Dashed
arrows represent microbial markers, solid filled arrows represent envi-
ronmental factors significantly related to microbial markers, and empty
arrows represent environmental factors that do not significantly contrib-
ute to the model
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Discussion

Impact of rainforest transformation on microorganisms
in litter and soil

Despite more pronounced changes in the structure of the litter
layer as compared to the soil after conversion of rainforests
into rubber and oil palm plantations, changes in microbial
community composition in soil exceeded those in litter con-
trasting our hypothesis (1). Of the nine microbial parameters
studied, only three were significantly affected by rainforest
conversion in litter and five in soil. In litter, only two bacterial
PLFAs and the NLFAAMFmarker significantly responded to
rainforest conversion, whereas in soil, total and especially
Gram-negative bacterial and fungal marker PLFAs were sig-
nificantly affected. The more pronounced response of AMF in
the litter layer as compared to the soil is surprising, since AMF
are associated with roots and are expected to dominate in low
organic matter soils (Allen et al. 1995). Notably, at our study
site, Acrisols predominate, i.e., soils that do not hold large
amounts of nutrients. Therefore, AMF may be forced to ex-
ploit nutrients in litter. Indeed, in rubber and oil palm planta-
tions, fertilizer is applied on the soil surface, and the nutrients
applied are likely to be captured by litter microorganisms
(Lummer et al. 2012; Geisseler and Scow 2014; Lemanski
and Scheu 2014). Therefore, nutrients in litter and litter de-
composer microorganisms are likely to form an important
pool of nutrients being captured by AMF (Aristizabal 2008;
Nuccio et al. 2013). Similar to the present study, earlier studies
in tropical forest ecosystems also found high concentrations of
AMF in the litter layer (Krashevska et al. 2008, 2014), but
colonization of litter by AMF is rarely studied (Posada et al.
2012).

For identifying factors responsible for changes in microbial
community composition with rainforest conversion, we mea-
sured chemical and physical litter and soil characteristics.
Rainforest conversion strongly reduced the amount of litter
in the litter layer, litter C and N concentrations, and water
content, but increased litter pH and C-to-N ratio. Similar to
litter, pH in soil increased, and C and N concentrations de-
creased; however, changes in soil were less pronounced than
in litter, suggesting that the impact of forest conversion on
abiotic factors is more pronounced in litter than in soil. Gen-
erally, the results are in line with earlier studies reporting low
water content, acidity, and C concentration in rubber and oil
palm plantations (Li et al. 2012; Lee-Cruz et al. 2013; but see
Templer et al. 2005). However, as indicated by redundancy
analysis, only some of these changes contributed to changes in
soil microbial community composition with pH and C con-
centration being most important. The strong impact of soil pH
on composition of litter and soil microbial communities is
consistent with earlier studies in tropical and temperate eco-
systems indicating that pH is among the most important driver

for microbial community composition (Bååth and Anderson
2003; Jesus et al. 2009; Tripathi et al. 2012).

As indicated by RDA, the abiotic factors studied explained
a large fraction of the variability in microbial community com-
position, but this more pronounced in litter (59 %) than in soil
(36 %), suggesting that, as compared to litter, soil is more
intensively buffered against changes in abiotic factors associ-
ated with land transformation.

Differential response of microbial groups

We hypothesized that, as compared to bacteria, fungi are more
heavily affected by conversion of rainforest into production
systems. In contrast to this hypothesis, fatty acid analysis sug-
gested that only certain bacterial groups, but not saprotrophic
fungi and AMF, are detrimentally affected by rainforest con-
version. Soils of converted systems had lower concentration
of Gram-negative bacteria, whereas Gram-positive bacteria
(based on PLFA i17:0) were more abundant in oil palm plan-
tations than in rainforest soil. Similar results have been found
in Malaysian Borneo (Tripathi et al. 2012; Lee-Cruz et al.
2013), where forest soils had lower pH than in oil palm plan-
tations and this favored the dominance of Gram-negative bac-
teria, which, compared to Gram-positive bacteria and AMF,
are assumed to be less sensitive to low pH conditions (Bååth
and Anderson 2003). Increased concentrations of AMF at
higher pH in converted systems in litter and (slightly) in soil
suggests that low pH limits AMF in rainforests. On the other
hand, increased pH presumably is a key factor favoring nutri-
ent capture in rubber and oil palm production systems in par-
ticular in heavily weathered Acrisols (cf. Feldmann et al.
2000; Galindo-Castañeda and Romero 2013; Damayanti
et al. 2015). Limited agricultural productivity in Acrisols is
presumed to be due to high Al and Mn, and low nutrient
concentrations, in particular P; presumably, AMF is of para-
mount importance for mitigating the negative effects of these
conditions (Von Uexkull 1986; Smith and Read 2008;
Damayanti et al. 2015).

Surprisingly, fungal PLFAs in soil (as percentages of total)
were lower in rainforest as compared to jungle rubber and
rubber. Low concentrations of fungi in rainforest soils were
associated by high concentrations of bacteria, suggesting that
the latter are more effective in exploiting resources in
rainforest as compared to the studied production systems.
High water content in litter and more developed litter layer
in rainforests as compared to converted production systems
likely contributed to the increased dominance of bacteria
known to be more sensitive to water stress than fungi (Man-
zoni et al. 2012). Fertilizer addition to converted systems, on
the other hand, likely favored fungi at the expense of bacteria
as shown for tropical forests in Panama and Ecuador (Kerekes
et al. 2013; Krashevska et al. 2014). Moreover, oil palm and
rubber leaves contain high concentrations of Fe, Al, Zn, and
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Cd (V. Krashevska, unpubl. data), and oil palm roots also are
richer in Al than roots in other land use systems (J. Sahner,
unpubl. data), and this also may have favored fungi at the
expense of bacteria (Frostegård et al. 1993).

Overall, these results suggest that the composition of mi-
crobial communities sensitively responds to rainforest conver-
sion, with the response being more pronounced in soil as
compared to litter. However, unexpectedly, the response of
AMF was more pronounced in litter than in soil. Further, as
indicated by marker PLFAs, only some bacteria groups were
detrimentally affected by rainforest conversion, and
saprotrophic fungi and AMF even increased in converted pro-
duction systems. Apart from the significant changes in micro-
bial community composition, results of the present study sug-
gest that microbial communities in litter and soil are remark-
ably resistant to conversion of rainforest into agricultural pro-
duction systems such as rubber and oil palm, with the resis-
tance of litter exceeding that of soil microbial communities.
Further studies on the susceptibility of microorganisms are
needed for understanding how land-use changes and manage-
ment practices in converted production systems impact de-
composer community composition and thereby ecosystem
functioning, such as nutrient cycling and decomposition of
plant residues. Currently, at our field sites, two experiments
are on the way to explore relationships between the composi-
tion of the decomposer system and the functioning of tropical
rainforests and rubber and oil palm production systems.
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