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Abstract

Rainforest conversion and expansion of plantations in tropical regions are associated
with changes in animal communities and biodiversity decline. In soil, Collembola are
one of the most numerous invertebrate groups that affect the functioning of mi-
crobial communities and support arthropod predators. Despite that, information on
the impact of changes in land use in the tropics on species and trait composition of
Collembola communities is very limited. We investigated the response of Collembola
to the conversion of rainforest into rubber agroforestry (“jungle rubber”), rubber, and
oil palm plantations in Jambi Province (Sumatra, Indonesia), a region which experi-
enced one of the strongest recent deforestation globally. Collembola were sampled in
2013 and 2016 from the litter and soil layer using heat extraction, and environmental
factors were measured (litter C/N ratio, pH, water content, composition of microbial
community and predator abundance). In the litter layer, density and species richness
in plantation systems were 25%-38% and 30%-40% lower, respectively, than in
rainforest. However, in the soil layer, density, species richness, and trait diversity of
Collembola were only slightly affected by land-use change, contrasting the response
of many other animal groups. Species and trait composition of Collembola communi-
ties in litter and soil differed between each of the land-use systems. Water content
and pH were identified as main factors related to the differences in species and trait
composition in both litter and soil, followed by the density of micro- and macropreda-
tors. Dominant species of Collembola in rainforest and jungle rubber were character-
ized by small body size, absence of furca, and absence of intense pigmentation, while
in plantations, larger species with long furca and diffuse or patterned pigmentation
were more abundant. Overall, land-use change negatively affected Collembola com-
munities in the litter layer, but its impact was lower in the soil layer. Several pantropi-
cal genera of Collembola (i.e., Isotomiella, Pseudosinella, and Folsomides) dominated
across land-use systems, reflecting their high environmental adaptability and/or ef-
ficient dispersal, calling for studies on their ecology and genetic diversity. The decline
in species richness and density of litter-dwelling Collembola with the conversion of

rainforest into plantation systems calls for management practices mitigating negative
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oil palm plantations.
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1 | INTRODUCTION

Agricultural intensification in Indonesia is associated with deforesta-
tion, which has increased greatly in the last 30 years and is predicted
to continue (Gatto et al., 2015; Koh & Ghazoul, 2010). The conver-
sion of tropical rainforest into plantations is associated with the
degradation and destruction of habitats, which is among the most
significant and immediate threats to biodiversity worldwide (Titeux
et al., 2016). Environmental changes and habitat degradation elimi-
nate or alter ecological niches resulting in a loss of biodiversity and
associated changes in ecosystem functioning (Barnes et al., 2014;
Clough et al., 2016; Fitzherbert et al., 2008; Gilbert, 2012).
Experiencing massive deforestation in the last decades, Sumatra
represents a model region for investigating the effect of rainforest
conversion into plantation systems on biodiversity and ecosystem
functioning at local and regional scales (Clough et al., 2016; Drescher
etal., 2016).

Lowland rainforest in Jambi Province, Sumatra, has been con-
verted in large into oil palm (16% of total area) and rubber plan-
tations (12%) (Gatto et al., 2015). Conversion of rainforest into oil
palm and rubber plantations is associated with a strong decline in
plant and animal diversity above the ground (Clough et al., 2016;
Fitzherbert et al., 2008; Rembold et al., 2017), but also alters soil
habitats and detrimentally affects soil-associated biodiversity, as
shown for nematodes (Krashevska et al., 2019), testate amoebae
(Krashevska et al., 2016), ground spiders (Potapov et al., 2020), and
litter macroinvertebrates (Barnes et al., 2014). Extensively managed
agricultural systems, such as rubber agroforests, have potential
compared to intensively managed systems, such as monoculture
plantations of rubber and oil palm, to mitigate detrimental effects of
the conversion of rainforest into agricultural production systems on
biodiversity and community composition (Krashevska et al., 2016;
Nazarreta et al., 2020; Schulz et al., 2019). However, information on
effects of conversion of rainforest into monoculture plantations and
agroforestry systems is lacking for many groups of soil fauna, includ-
ing Collembola.

Collembola is a dominant group of soil animals globally, being
very abundant in forest soils (Devi et al., 2011; Hopkin, 1997;
Rusek, 1998). Collembola significantly affect soil microbial commu-
nities, nutrient cycling, and soil fertility by feeding on soil microor-
ganisms and dead organic matter (Coulibaly et al., 2019; Potapov
et al., 2020; Rusek, 1998). In particular, the presence of different
ecological groups of Collembola (soil or surface dwellers) can af-
fect microbial-driven ecosystem processes, such as decomposition

and nutrient cycling (Coulibaly et al., 2019). In temperate regions,

Ecology and Evolution . Jﬂ
9 e~ WILEY

Open Access,

effects of the deterioration of the litter layer in rubber plantations, but even more in

agricultural plantation, community structure, rainforest conversion, springtail, trait

agricultural intensification (Sousa et al., 2006) and forest plantations
(Deharveng, 1996) typically are associated with a decrease in spe-
cies richness and density, as well as a strong alteration in the com-
munity composition of Collembola as compared to natural forests.
The few studies existing from tropical regions suggest that effects
of land use on Collembola communities are negative, as shown,
for example, for monoculture coffee plantations in Mexico (Rojas
et al., 2009) and rubber and peach plantations in Amazonia (Martius
et al., 2004). However, very few studies investigated the impact of
land-use change on Collembola in other tropical regions, including
Southeast Asia. A study from Sumatra indicated that the conver-
sion of rainforest into oil palm and rubber plantations negatively af-
fects Collembola density and genus-level diversity and composition
(Widrializa et al., 2015), but consequences for the functional diver-
sity and species composition remained unexplored.

Since the biology of tropical soil invertebrates is poorly stud-
ied, their functional roles and responses might be inferred from
approximations, with functional traits (properties of species that
govern their effects on or response to their environment) being a
promising approach (Pey et al., 2014; Violle et al., 2007). Trait-based
approaches have been suggested to be more advantageous than
species-based approaches since they may provide more mechanistic
and generalizable links between organisms and their environment
(Gagic et al., 2015). Collembola species display a wide variation in
traits that can provide an insightful tool for assessing their response
to land-use changes (Van Straalen et al., 2008). Traits usually con-
sidered for Collembola are morphological characters assumed to
be connected to adaptations to environmental conditions. They
often are combined into composite traits such as “life forms,” linked
to particular microhabitats, that is, size of furca, number of ocelli,
length of antennae, pigmentation, and presence of scales (Salmon &
Ponge, 2012; Vandewalle et al., 2010). As shown in temperate eco-
systems, Collembola species and communities show trait-related
responses to a variety of environmental factors, like changes in soil
chemistry, microhabitat configuration, vegetation cover, and agricul-
tural practices, but primarily Collembola traits reflect the soil water
content and pH (Chagnon et al., 2001; Chauvat, Ponge, et al., 2007;
Chauvat, Wolters, et al., 2007; De Boer et al., 2012; Son et al., 2009).
However, it remains unknown which factors drive changes in species
and trait composition of Collembola communities in tropical rainfor-
ests and plantation systems.

In this study, we investigated the species and trait composition
of Collembola communities from litter and soil in rainforest, rubber
agroforestry (“jungle rubber”), rubber, and oil palm plantations, in

Jambi Province, Sumatra, Indonesia. Based on previous studies on
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the impact of land-use changes on invertebrate communities in this
region (Barnes et al., 2014; Krashevska et al., 2016, 2019; Potapov
et al., 2020), we hypothesized that (a) rainforest and jungle rubber
have higher total density, species richness, and functional diversity
of Collembola than monoculture plantations, (b) community compo-
sition of Collembola changes with land use, with the changes being
most pronounced between more natural ecosystems (rainforest and
jungle rubber) and more intensively used ecosystems (oil palm and
rubber plantations), (c) similar to temperate ecosystems, pH and
water content are the most important factors correlated with the
composition of Collembola in rainforest and plantations systems,
and (d) functional trait composition of Collembola communities var-
ies more predictably with environmental factors than species com-
position because of environment-specific trait responses favoring

certain functional groups of species.

2 | MATERIALS AND METHODS
2.1 | Site description

The study was conducted in the framework of the EFForTS project
investigating in a comprehensive way ecological and socioeconomic
changes associated with the transformation of rainforest into planta-
tion systems (http://www.uni-goettingen.de/en/310995.html). Soil
and litter samples were taken in lowland rainforest, jungle rubber,
rubber (Hevea brasiliensis) plantations, and oil palm (Elaeis guineensis)
plantations, located in Jambi Province, southwest Sumatra, Indonesia.
The climate is tropical and humid with moderate variations between
the rainy season from October to April and the dry season from June
to September; between 1991 and 2011, mean annual temperature
was 26.7 + 0.2°C and mean annual precipitation 2,235 + 381 mm
(Drescher et al., 2016). The study sites were located at similar alti-
tude varying from 50 to 100 m a. s. l. in two landscapes, Harapan
and Bukit Duabelas region; the overall area of the sampling sites was
about 80 km in diameter with the distance between sites in the two
regions being <40 km (for more details, see Drescher et al., 2016).
Rainforest was included to represent baseline conditions allowing to
evaluate changes due to the conversion into agricultural plantations.
Except in jungle rubber, samples from upland and riparian sites (being
at least partly flooded during the rainy season) were studied. Soils
in the Harapan region mainly comprise loamy Acrisols of low fertil-
ity, whereas in the Bukit Duabelas region, the major soil type is clay
Acrisol (Allen et al., 2015; Kotowska et al., 2015). Two regions and
upland and riparian sites were included in the analysis to increase
the variation in environmental factors considered (water regimes, soil
types) and thereby the generality of our results.

Rubber and oil palm plantations were intensively managed mono-
cultures of 6-16 and 8-15 years, respectively (Drescher et al., 2016).
Typically, oil palm plantations were established after clearing and
burning of jungle rubber, whereas rubber plantations were estab-
lished after logging of rainforest (Allen et al., 2015). Rubber and

oil palm plantations were fertilized once in the rainy season and

once in the dry season with NPK complete fertilizer (i.e., Phonska
and Mahkota), potassium chloride (KCI), and urea (CO(NH,),).
Additionally, manual and chemical weeding took place throughout
the year in both rubber and oil palm plantations. The most commonly
used herbicides were Gramoxone and Roundup, applied at an aver-
age rate of 2-5 L ha year’1 (Allen et al., 2015; Clough et al., 2016;
Kotowska et al., 2015). More details on management practices of the
studied smallholder monoculture plantations are described in Allen
et al. (2015).

2.2 | Sampling procedure

Samples were taken in October 2013 and October 2016 within
50 x 50 m? plots established at each study site (see Drescher
et al., 2016) with a distance of ca. 500 meters minimum, but usually
more than 1 kilometer, between the plots. Two different years were
used as temporal replicates increasing the variability of environmen-
tal factors considered and therefore the generality of our results. In
2013, samples were taken in natural rainforest, jungle rubber, rub-
ber, and oil palm plantations in two regions with four replicates each,
resulting in 32 plots in total (2 regions x 4 land-use systems x 4 rep-
licates). In 2016, samples were taken in rainforest, rubber, and oil
palm plantations in two regions (2 regions x 3 land-use systems x 4
replicates) with additional rainforest, rubber, and oil palm planta-
tions in riparian sites of the Harapan region with four replicates each
(1 region x 3 land-use systems x 4 replicates), resulting in 36 plots
in total (Figure 1).

From each plot at each sampling event, one randomly positioned
soil core was taken. Each core measured 16 x 16 cm taken to a depth
of 5 cm of the mineral soil. Litter and soil layer were separated in the
field and extracted independently. Samples were transported to the
laboratory for extraction of soil animals. Animals were extracted by
heat for 5-10 days until the substrate was completely dry (Kempson
et al., 1963), collected in dimethyleneglycol-water solution (1:1), and
stored in 70% ethanol until further processing. Environmental vari-
ables were measured in composite samples of each litter and soil
(five cores per plot within a radius of ca. 2 m around the soil animal
sample), including abiotic factors (pH, water content, C-to-N ratio)
and biotic factors (microbial community composition in litter and
soil as indicated by phospholipid fatty acids; Krashevska et al., 2015;
V. Krashevska, unpublished data; see Table A1l). Litter and soil pH
(CaCl,) were measured using a digital pH meter. Aliquots of litter
and soil material were dried at 65°C for 72 hr, milled, and analyzed
for total C and N concentrations using an elemental analyzer (Carlo
Erba). Water content of litter and soil was determined gravimetri-
cally (for more details on environmental factors, see Krashevska
etal,, 2015).

The extracted animals were sorted to high-rank taxonomic
groups (mostly orders; Potapov et al., 2019). From these data, we
used the abundance of potential predators (Mesostigmata, Araneae,
and Formicidae) and potential competitors (Oribatida) of Collembola

as biotic factors potentially affecting their abundance and community
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FIGURE 1 Map of the sampling locations in two landscapes (Bukit Duabelas and Harapan) in 2013 and 2016; for details, see text

TABLE 1 Collembola traits used in the study and their potential functions

Trait

Abdominal modifications

Antennae modifications

Body size

Empodial appendage

Furca development

Mouthparts

Postantennal organ
(PAO)

Pigmentation

Scales

Potential function

Excretion, digestion, reproduction,
colonization of specific (micro)
habitats

Sensory function, modified antennae

in some genera (clasping antennae)
also used for mating

Metabolic demands, dispersal ability,
predator-prey interactions

Helping to walk, particularly on wet
surfaces

Active dispersal abilities of species
and predator avoidance

Type of food or feeding strategy.
Small size of the apical mouth
opening and no molar plate indicate
absence of capability to convey
solid food particles

Sensory function, particularly in
olfaction

UV protection, thermodynamic
buffering and signaling, camouflage

Desiccation protection,
thermodynamic buffering and
signaling, potentially predation
avoidance

Trait states

Abdomen IV elongated, spherical
abdomen, fused abdomen

Clasping antennae, subdivided
antennae | and |, subdivided
antennae Il and IV, antennae | very
long, antennae IV shorter than Il

Total length from the front of the
head to the end of the abdomen:

small: <0.7 mm, medium: 0.7-

1.2 mm, large: >1.2 mm

Present, absent

Furca absent, short, straight furca,
long furca

Molar plate present or absent
(piercing-sucking mouthparts)

PAO absent, PAO simple, PAO
complex

Absent, diffuse, intensive, patterned

Present, absent

References

Hopkin (1997), Suhardjono
et al. (2012)

Hopkin (1997), Suhardjono
et al. (2012)

Hopkin (1997)

Christiansen (1965)

Hopkin (1997), Ponge and
Salmon (2013)

Hopkin (1997), Suhardjono
et al. (2012), Adams (1979)

Hopkin (1997), Suhardjono
etal. (2012)

Hopkin (1997), Salmon et al. (2014)

Hopkin (1997), Salmon et al. (2014),
Hawes and Greenslade (2015)

Note: For more details on the traits, see http://ecotaxonomy.org/traits. Combinations of different traits (life form) are related to trophic niches of
species and thus their role in ecosystems (Potapov et al., 2016).
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composition; for details, see Table Al. We sorted and identified all
individuals of Collembola from the 2013 samples (in total 4,069 indi-
viduals), and we took a random subsample of 25% of individuals from
the 2016 samples (in total 986 individuals). This unequal sampling ef-
fort is expected to affect species richness (accounted in the model),

but not density and proportional community composition estimates.

2.3 | Species identification

Collembola were sorted into morphogroups under a dissecting micro-
scope (Zeiss, Stemi 508) at 50x magnification, based on basic mor-
phological characters (body size, body shape, morphology of furca,
antennae and number of eyes). A number of individuals of each mor-
phogroup from each sample were subsequently cleared with Nesbitt
solution on a heating plate (50°C) for 3-10 min. Then, the animals
were mounted on slides with Hoyer's solution (for details, see Glime
& Wagner, 2017). Collembola were identified to species level using a
compound microscope (Axiovert 35, Zeiss) at maximum 400x mag-
nification, using the checklist for Indonesian Collembola (Suhardjono
et al., 2012) and additional articles containing keys for Collembola of
southeast Asia, particularly Indonesia (Mateos & Greenslade, 2015;
Potapov, 2012; Potapov & Starostenko, 2002). Due to the poorly
described fauna, in many cases we had to assign individuals to mor-
phospecies without Latin binomials (in total 70% of all identified spe-
cies). Below, we refer to all identifications as “species” for simplicity.
Whenever possible, juvenile specimens were ascribed to species by
comparing with adults or subadults. The full list of traits and species
is given in Table S1. Along with the identification, each species was
described using a set of morphological traits (Table 1). The same se-
lected set of traits was used for each species across land-use systems
for statistical analysis, including presence/absence of empodial ap-
pendage, sucking/chewing mouthpart, presence/absence of postan-
tennal organ (PAO), presence/absence of scales, elongated/normal
abdomen |V, elongated/spherical abdomen, separate/fused abdomi-
nal segments, presence/absence of furca, straight/curved and short/
long furca, presence/absence of pigmentation, diffuse/patterned
and intensive/light pigmentation, normal/modified antennae, and
small/medium/large body size (Table 1). Data on Collembola species,
including their traits and pictures, were uploaded to the open virtual

research environment “Ecotaxonomy” (http://ecotaxonomy.org).

2.4 | Statistical analysis

In all analyses, we used individual soil samples as replicates (litter
and soil separately), that is, n = 64 in 2013 (32 plots x 2 layers, litter
and soil) and n =72in 2016 (36 plots x 2 layers, litter and soil). Area-
based density and species richness were analyzed as count data
(individuals/species per sample). In addition, we calculated density
per gram of carbon in litter and soil using the data from Krashevska
et al. (2015). Statistical analyses were conducted using R version
3.5.3 (R Core Team, 2017) unless stated otherwise.

To test whether rainforest and jungle rubber have higher total
density, species richness, and functional diversity of Collembola
than rubber and oil palm plantations (hypothesis 1), we inspected
the effect of land-use system (rainforest, jungle rubber, rubber, oil
palm), layer (litter, soil), land-use system-layer interaction, hydrologi-
cal position (riparian, upland), years (2013 and 2016), and landscapes
(Harapan and Bukit) on total density, species richness, functional
diversity (FD), and functional dispersion (FDis) of Collembola.
Generalized linear models with these factors were run using glmer.
nb (negative binomial distribution and optimizer = "bobyga" option)
in the Ime4 package v. 1.1-21 (Bates et al., 2015). Soil core was in-
cluded as random effect to account for interdependency of cosam-
pled soil and litter layers (Zuur et al., 2009). We run several models of
increasing complexity and the final model was selected using ANOVA
comparison of more complex versus simplified models based on AIC
values. Significance was evaluated using the Wald chi-square test
with ANOVA in the car package v. 3.0-2 (Fox & Weisberg, 2019).
Pairwise differences between treatments were assessed using
Tukey contrasts by applying glth and cld in the multcomp package
v. 1.4-10 (Hothorn et al., 2008). The model selection procedure is
described in more detail in Tables A2-A6.

To calculate FD, traits were coded as binary zero and one vari-
ables except for body length which was coded as numerical vari-
able scaled between O and 1. The trait matrix was transformed into
a dendrogram using hclust and then used to calculate FD in each
community (i.e., sample) using treedive in the vegan package v. 2.5-5
(Oksanen et al., 2019) (Figure S1). FDis was calculated using fdisp in
the FD package and represented the weighted average distance of
all species to the weighted community centroid in multidimensional
space (Laliberté & Legendre, 2010). FDis is another measure of FD
that, in contrast to FD, accounts for species abundances. Since the
distributions of FD and FDis data were close to normal, we used Imer
instead of glmer.nb. The final models were selected using the same
procedure as described above.

To test whether community composition of Collembola changes
with land use (hypothesis 2), we applied linear discriminant anal-
yses (LDA) to assess differences in community composition of
Collembola species and traits among land-use systems. All species
and trait values were weighted based on their relative abundance
in the community. For that, we used the number of individuals of
certain species or with a certain trait state. To reduce the effect of
random species occurrence and unequal sampling efforts between
2013 and 2016, only species occurring in at least three plots were
included in the analysis (Tables S2 and S3). Nonmetric multidimen-
sional scaling (metaMDS) with six dimensions was done before con-
tinuing with LDA. LDA was done with the MASS package using all
six axes from the NMDS (Venables & Ripley, 2002). Wilks' lambda
and p-values determined the effect of land-use system on commu-
nity composition and were calculated using MANOVA in the pander
package v. 0.6.3 (Dardczi & Tsegelskyi, 2018). After this, pairwise
tests between land-use systems were conducted using HotellingsT2
in the ICSNP package v. 1.1-1 (Nordhausen et al., 2018). To numeri-

cally estimate distances among communities from different land-use
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systems, squared Mahalanobis distances (MD?) between land-use
systems were calculated using the mahal function in the HDMD
package v. 1.2 (McFerrin, 2013).

To inspect effects of environmental factors on species and
traits (hypotheses 3 and 4), we used multivariate community anal-
yses (canonical correspondence analysis (CCA) and redundancy
analysis (RDA)). We applied forward selection CCA as implemented
in CANOCO 5.02 (ter Braak & Smilauer, 2012) to explore the cor-
relation between species composition of communities and envi-
ronmental variables across the two sampling years. CCAs were
performed because the lengths of gradients were 4.0 SD units
for litter and 3.4 SD units for soil indicating unimodal species-
environment relationships (Jan Leaps, 2003). Only species oc-
curring in at least two plots in each land use were included in the
analyses (Tables S2 and S3). The following environmental variables
were included in the CCA that were a priori assumed to affect
Collembola community composition: C-to-N ratio, pH(CaCl,) value,
water content (%), sum of phospholipid fatty acid (PLFA) marker lip-
ids of Gram-positive bacteria (i15:0, a15:0, i16:0, i17:0) and Gram-
negative bacteria (20H 12:0, 20H 14:0, 16:107, cy17:0, 20H 16:0,
cy19:0, 20H 10:0), fungal PLFA marker (18:206,9), relative PLFA
marker of algae (20:5w3), relative marker of arbuscular mycor-
rhizal fungi based on the neutral lipid fatty acid (NLFA) 16:1w5c,
abundance of potential predators (Mesostigmata, Araneae, and
Formicidae), and abundance of potential competitors (Oribatida)
(Table A1). Monte Carlo tests (999 permutations) were performed
to evaluate the overall model significance and the significance of
environmental variables and individual axes. Since the global test
with all environmental variables was significant, we used forward
selection to identify the most important environmental variables
affecting Collembola communities. The forward selection proce-
dure was stopped if a variable reached a level of significance >0.05.
We additionally tested for spatial autocorrelation in community
data by relating pcnm spatial vectors (vegan package in R) to species
matrix using CCA (cca function in R). To do this test, we separately
analyzed data from 2013 and 2016 after pooling soil and litter data
from the same soil cores. Although some spatial patterns were ob-
served visually, the results of ANOVA showed no significant spatial
effects (p = 0.143, adjusted R% = 0.03 in 2013 and p = 0.141, ad-
justed R? = 0.03 in 2016).

Correlations between trait composition of communities
(Tables S4 and S5) and environmental variables were analyzed using
RDA as implemented in CANOCO 5.02 (ter Braak & Smilauer, 2012).
RDA instead of CCA was performed because gradients of the trait
data were 2.5 SD units for litter and 2.0 SD units for soil indicating
linear trait-environment relationships (Jan Leaps, 2003). Hellinger
standardization, recommended for RDA, was applied to the data
prior to the analysis. The same twelve environmental variables as
in CCA (see above) were included in the RDA, and the same proce-
dures were used to assess significance of the environmental factors
included. Land-use systems, regions, and years were included as
silent variables not affecting the ordination and displayed on both
CCA and RDA figures.
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FIGURE 2 Venn diagram of species in different land-use
systems (rainforest, jungle rubber, rubber, and oil palm plantations)

3 | RESULTS

3.1 | Density, species richness, functional diversity
(FD), and functional dispersion (FDis)

Intotal, 5,055 individuals were assigned to 54 species from 27 genera
and 13 families across all land-use systems and two sampling years
with 22.2% of total species found across all land-use systems, 11.1%
only in rainforest, 3.7% only in jungle rubber, 3.7% only in rubber
plantations, and 11.1% only in oil palm plantations, while the remain-
ing ~48% were found in two or three land-use systems (Figure 2).
Rarefaction curves of the samples indicated that the number of spe-
cies saturated in jungle rubber and rubber plantations in 2013 and in
all systems in 2016 was close to saturation in rainforest and oil palm
plantations in 2013 (Figure S1). Number of Collembola per unit area
was 66% higher in litter than in soil, but was not significantly differ-
ent among the land-use systems (Figure 3a; Table 2). Across the two
sampling years, differences in density and species richness among
land-use systems were moderate, and the main effect was the land-
use system x layer interaction due to significantly lower density
(-50%) and species richness (-30%) of Collembola in litter than in
soil of oil palm plantations than in rainforest (Figure 3b,c; Table 2).
Although post hoc pairwise comparisons did not show significant
differences, both density and species richness of Collembola in the
litter layer tended to be higher in jungle rubber and rainforest than in
rubber and oil palm plantations (-25 to -40%) (Figure 3b,c). Density
and species richness of Collembola in the soil layer did not differ
significantly among land-use systems, being even slightly higher in
oil palm plantations than in the other land-use systems.

FD in the litter layer was higher (23%-26%) in litter of rainforest
than in litter of plantations. By contrast, FD in the soil layer did not
differ significantly among the land-use systems (Figure 3d; Table 2).
Both species richness and FD were strongly affected by year due

to different sampling effort in the 2 years (see Methods). FDis did
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FIGURE 3 Density and species richness of Collembola in different land-use systems across sampling years. (a) Density of Collembola per
square meter, (b) number of Collembola species per sample (256 cm?), (c) functional diversity (FD) of Collembola communities per sample,
and (d) functional dispersion (FDis) of Collembola communities per sample. Each soil core was divided into litter and soil layers (0-5 cm),

and these layers were treated as replicates and presented as separate points in the figure (open points—litter, filled points—soil). Labels
connected by solid lines show mean values for litter and soil separately (white labels—litter, black labels—soil). Mean values across layers and
systems sharing the same letter are not significantly different for the given variable (Tukey contrasts). Black points connected with dotted
lines show mean values for litter and soil combined (sum of density, newly calculated after combining layers for species richness, FD and

FDis)

not differ significantly among land-use systems according to post
hoc comparisons, but it was generally highest in the litter layer in
rainforest and lowest in the litter layer in oil palm plantations (sig-
nificant land-use system x layer interaction; Table 2). In addition,
number of Collembola per gram of carbon was higher in litter than in
soil, but was not significantly different among the land-use systems
(Table A5).

3.2 | Species and trait composition of communities

Of the 54 species identified, Folsomides centralis, Isotomiella spp.,
and Pseudosinella sp.1 were most abundant across land-use sys-
tems (Figure A2). Land use had a pronounced effect on the species

composition of Collembola communities in the litter layer, with the

first LDA axis explaining 71% of the variation (Wilks' lambda = 0.32,
approx. F = 8.89, p < 0.001; Figure 4a). Separation of communities
by different land-use systems was also evident if the years 2013
(Wilks' lambda = 0.11, approx. F = 9.47, p < 0.001) and 2016 (Wilks'
lambda = 0.23, approx. F = 14.64, p < 0.001) were analyzed sepa-
rately (Figures A3 and A4). Species composition of Collembola com-
munities was different in each of the land-use systems with rainforest
being more similar to oil palm than to jungle rubber. Collembola com-
munities in jungle rubber were similar to those in rubber plantations,
while rubber and oil palm plantations were distinct. Differences
between land-use systems were associated with changes in species
dominance: Isotomiella spp. and Pseudosinella sp.1 were the domi-
nant species in rainforest, Ascocyrtus cinctus was dominant in rubber
plantations, and Rambutsinella cf. scopae was dominant in oil palm
plantations (Figure A2).
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TABLE 2 Wald chi-square test on the effect of layer, land-use system, year, riparian, landscape, and their interaction on characteristics of

Collembola communities based on mixed-effects models

Density (ind./

Factor D.f. m?) sample)
Layer 1 27 1.4
Land-use system 3 6.7 7.5
Year 1 - 48.7***
Riparian 1 - -
Landscape 1 3.5 -

Layer x Land-use system 3 11.8* 14.5**

Species richness (per

Functional diversity (FD Functional dispersion

Note: Chi-square values are shown; *p < 0.05; **p < 0.01; ***p < 0.001; and “-" factor not selected by the model.
Factors that were not selected by the model based on AIC are denoted by dashes.

Numbers in bold indicate significant values.
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FIGURE 4 Linear discriminant analysis (LDA) of species (a, c) and trait composition (b, d) of Collembola communities in litter (a, b) and soil
(c, d); data pooled for sampling years (2013 and 2016). Land-use system was used as grouping variable. Ellipses were calculated using the
MASS package in R to visualize the grouping of species or traits in the different land-use systems. Each point represents a sample

Land use also significantly affected the species composition
of Collembola communities in the soil layer, with the first LDA
axis explaining 48% of the variation (Wilks' lambda = 0.48, ap-
prox. F = 5.64, p < 0.001; Figure 4c) which was evident in both
years (Wilks' lambda = 0.23, approx. F = 5.37, p < 0.001 for 2013
and Wilks' lambda = 0.49, approx. F = 4.38, p < 0.001 for 2016)
(Figures A3 and A4). Isotomiella spp. reached very high abundance
in rainforest and was also abundant in oil palm plantations, but was
less abundant in jungle rubber and rubber plantations. Pseudosinella

sp.1 reached high abundance across all land-use systems except for
jungle rubber, and Folsomides centralis reached high abundance in oil
palm plantations (Figure A2).

Similar to species composition, land use also strongly affected
the trait composition of Collembola communities in the litter layer,
with the first LDA axis explaining 53% of the variation (Wilks'
lambda = 0.39, approx. F = 7.22, p < 0.001; Figure 4b), which was ev-
ident in 2013 (Wilks' lambda = 0.17, approx. F = 8.62, p < 0.001) and
2016 (Wilks' lambda = 0.36, approx. F = 9.14, p < 0.001) (Figures A3
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and A4). In contrast to species community composition, trait com-
munity composition in rainforest was most distinct between rain-
forest and oil palm plantations, and intermediate in jungle rubber
and rubber plantations. Absence of empodial appendage, sucking
mouthparts, absence of furca, small body size, absence of pigmen-
tation, and spherical abdomen were abundant traits in rainforest
and jungle rubber. By contrast, long furca, present of scales, large
size, patterned and diffuse pigmentation, straight furca, and pres-
ence of PAO were abundant traits in plantation systems. Details of
Mahalanobis distances for species and trait community composition
in the litter layer are given in Tables A7 and A8.

Also, trait composition of Collembola communities in the soil
layer was significantly affected by land use with the first LDA
axis explaining 57% of the variation (Wilks' lambda = 0.45, ap-
prox. F = 6.18, p < 0.001; Figure 4d), which was evident in both
years (Wilks' lambda = 0.23, approx. F = 5.30, p < 0.001 for 2013
and Wilks' lambda = 0.45, approx. F = 7.29, p < 0.001 for 2016)
(Figures A3 and A4). Trait community composition in rubber plan-
tations was similar to that in oil palm plantations in both years
(characterized by diffuse pigmentation, straight furca, presence of
PAO, modified antennae, large size, and patterned pigmentation).
By contrast, absent or intense pigmentation, absence of empodial
appendage, small size, and spherical abdomen were more abun-
dant traits in rainforest. Details of Mahalanobis distances for spe-
cies and trait community composition in the soil layer are given in
Tables A7 and A8.
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3.3 | Correlation between environmental
factors and community composition

In the litter layer, four of the twelve environmental variables signifi-
cantly correlated with species composition (CCA, forward selection),
explaining 13.6% of the variation (Trace = 0.83, F = 1.59, p = 0.001;
Figure 5a). Litter pH accounted for 4.2% of total variation in species
composition (pseudo-F = 2.5, p = 0.002), water content for addi-
tional 3.9% (pseudo-F = 2.4, p = 0.003), density of Mesostigmata
for 2.8% (pseudo-F = 1.7, p = 0.033), and relative amount of Gram-
negative bacterial PLFAs for 2.8% (pseudo-F = 1.8, p = 0.025). In
2013, rainforest and jungle rubber communities were associated
with high water content and high density of Mesostigmata, whereas
in 2016, rainforest communities were associated with high amount
of Gram-negative bacteria only. Communities in rubber and oil palm
plantations in both 2013 and 2016 were associated with high litter
pH. Several atmobiotic and epedaphic species, that is, Acrocyrtus
sp.3, Lepidocyrtus sp.1, Pararrhopalites sp.1, Sphaeridia sp.1, and
Sphaeridia sp.2, but also euedaphic species, that is, Pseudosinella
sp.1, Isotomiella spp., and Onychiuridae spp., were associated
with high water content and density of Mesostigmata, whereas
Superodontella sp.1, Xenylla sp.1, and Callyntrura sp.1 were associ-
ated with Gram-negative bacteria. Ascocyrtus cinctus, Rambutsinella
cf. scopae, Folsomides parvulus, Folsomides centralis, Homidia cingula,
Acrocyrtus sp.1, and Megalothorax cf. minimus in plantation systems
were associated with high litter pH.
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FIGURE 5 Canonical correspondence analysis of Collembola species in (a) litter and (b) soil as related to environmental variables (red
arrows). Only variables selected as being significant in the forward selection procedure are shown. The four land-use systems (rainforest,
jungle rubber, rubber plantations, and oil palm plantations), 2 years (2013 and 2016), and both regions (Harapan and Bukit Duabelas) are
shown together. The name of species and land-use systems were centered to their position. The length of arrows represents the percentage
variation explained by environmental variables. For environmental data, see Table A1l
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In the soil layer, only two of the twelve environmental variables
significantly correlated with species composition, together explain-
ing 5.7% of the variation (Trace = 0.67, F = 1.27, p = 0.02; Figure 5b).
Based on forward selection, density of Araneae accounted for 2.9%
of the total variation in community composition (pseudo-F = 1.7,
p =0.044) and soil pH accounted for additional 2.8% (pseudo-F = 1.7,
p = 0.045). In line with the effects of environmental factors in the
litter layer, in the soil layer high pH was associated with high density
of several atmobiotic species, that is, Homidia cingula, Isotomurus cf.
parabalteatus, Dicranocentrus sp.1, and Acrocyrtus sp.1. By contrast,
Pseudosinella sp.1, Isotomiella spp., Sphyrotheca sp.1, Cyphoderopsis
sp.1, Xenylla sp.1, and Folsomides parvulus were associated with high
density of Araneae (potential macropredator) in rainforest.

In the litter layer, none of the environmental variables were cor-
related significantly with the trait composition of Collembola com-
munities (RDA, forward selection; Trace = 0.22, F = 1.09, p = 0.27,
Figure 6a). While the overall model was not significant, both water
content and pH were identified as significant factors, accounting
for 3.6 and 3.3% of the total variation in trait composition, respec-
tively (pseudo-F = 2.2, p = 0.045 and pseudo-F = 2.1, p = 0.048,
respectively).

In the soil layer, four of the twelve environmental variables were
significant, explaining 15.2% of the variation in the trait compo-
sition (Trace = 0.26, F = 1.39, p = 0.02; Figure 6b). Based on for-
ward selection, water content accounted for 4.4% of total variation
in trait composition (pseudo-F = 2.7, p = 0.022), soil pH for 3.9%
(pseudo-F = 2.5, p = 0.012), abundance of Mesostigmata for 3.4%
(pseudo-F = 2.2, p = 0.026), and the fungal PLFA marker (18:2w6,9)
for 3.4% (pseudo-F = 2.2, p = 0.014). High pH values were correlated
positively with diffuse pigmentation, straight furca, presence of
PAO, presence of scales, modified antennae, large body size, and
patterned pigmentation. High water content and to some extent the
fungal PLFA marker were correlated positively with absence of furca,
small body size, spherical and fused abdomen, absent and intensive
pigmentation, and sucking mouthparts. In addition, high density of
Mesostigmata was correlated positively with long furca and absence
of empodial appendage.

4 | DISCUSSION

Our study comprehensively assessed the response of the species
and trait composition of Collembola communities in litter and soil
after conversion of rainforest into plantation systems. The results
indicate that changes on density, species richness, and indices of
functional diversity of Collembola vary moderately among the stud-
ied land-use systems as response to the conversion of rainforest
and environmental changes (Deharveng, 1996; Devi et al., 2011;
Rusek, 1998; Sousa et al., 2006). However, density, species rich-
ness, and functional diversity (FD) consistently declined in the litter
layer of rubber and especially oil palm plantations. Despite the only
moderate changes in community metrics, trait and species composi-

tion of Collembola communities were distinct in all land-use systems
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studied. Even in the extensively managed jungle rubber agroforesty
system, species and trait composition of Collembola communities
differed clearly from that in rainforest. Among the studied environ-
mental variables, Collembola community composition was related
closest to pH and water content with correlations between environ-
mental factors and changes in communities being more pronounced

in litter than in soil.

4.1 | Density, species richness, functional
diversity, and functional dispersion

In part supporting our first hypothesis, density, species richness
and FD of Collembola were at a maximum in litter of rainforest.
This is in line with the study of Martius et al. (2004) in central
Amazonia reporting more Collembola species in rainforest than in
rubber and peach palm plantations. In another study from Jambi
Province, density and species richness of soil Collembola de-
creased gradually from rainforest to jungle rubber to rubber plan-
tations (Deharveng, 1992 in Michon & de Foresta, 1995). This was
expected since there is less litter (Krashevska et al., 2015) and thus
less space and food for Collembola in rubber and even less in oil
palm plantations. The amount of litter is likely to be the main fac-
tor driving Collembola communities since, according to our results,
the density of Collembola per gram of carbon in the litter was simi-
lar across all land-use systems. In trend, species richness, FD, and
FDis also were lowest in the litter layer of oil palm plantations.
This suggests that in intensively managed plantations, mulching
practices may help in increasing the density and species richness
of Collembola and ecosystem processes Collembola are involved
in (Tao et al., 2018).

In contrast to our first hypothesis, density, species richness, and
diversity indices of Collembola were similar or even slightly higher
in soil of oil palm plantations than in soil of rainforest. This suggests
that the soil in plantations provides suitable environmental condi-
tions for Collembola allowing a variety of species to survive and
successfully reproduce even in monoculture plantations of oil palm
as well as rubber. The land-use effect was least pronounced for the
total community FDis, suggesting that species with different func-
tional traits may reach high densities in monoculture plantations.
The results are in contrast to the study of Winck et al. (2017) in
southern Brazil, which found that functional diversity of Collembola
was significantly higher in tropical forest than in grassland and plan-
tation systems. High density of soil Collembola in plantations may be
related to the buffering function of the soil against adverse environ-
mental conditions, thereby allowing Collembola to cope with distur-
bances (Filser, 1995). For the temperate zone, it has been shown that
Collembola may reach high population densities even in intensively
managed agro-ecosystems (Chauvat, Ponge, et al., 2007; Chauvat,
Wolters, et al., 2007; Filser, 1995; Frampton & Brink, 2002). In
Borneo, the conversion of rainforest into oil palm plantations re-
duced species richness in a large number of taxa except in scav-

enging mammals and Collembola (Edwards et al., 2014). In general,
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FIGURE 6 Redundancy analysis of Collembola traits in (a) litter and (b) soil as related to environmental variables (red arrows). Only
variables selected as being significant during the forward selection procedure are shown. All land-use systems (rainforest, jungle rubber,
rubber plantations, and oil palm plantations), 2 years (2013 and 2016), and both regions (Harapan and Bukit Duabelas) are shown together.
The traits and land-use systems were centered to their position. The length of arrows represents the percentage variation explained by

environmental variables. For environmental data, see Table A1

soil food webs in oil palm plantations are not limited by the avail-
able energy in comparison with rainforest (Potapov et al., 2019).
Fertilization and weeding likely provide additional resources for the
detrital system in plantations (Clough et al., 2016). Further, Susanti
et al. (2019) reported that algae serve as important food resource
for Collembola in tropical ecosystems, especially in oil palm planta-
tions. Schulz et al. (2019) reported the density of photoautotrophic
protists to be strongly increased in oil palm plantations compared to
rainforest at our study sites. In addition, it is increasingly recognized
that Collembola benefit from root-based resources in both forests
and agricultural systems (Fujii et al., 2014; Li et al., 2020; Potapov
et al., 2016) and this likely contributed to the high density and num-
ber of species of Collembola in plantations. Another explanation for
the high density of Collembola in soil of oil palm plantations may
be reduced top-down control by predators. In fact, the density of
small soil-dwelling spiders, one of the main Collembola predators

(Lawrence & Wise, 2000), is low in plantations (Potapov et al., 2020).

4.2 | Species and trait community composition

Supporting in part our second hypothesis, communities of
Collembola differed among all the four land-use systems studied.
However, in contrast to our expectations community composition in
jungle rubber and rainforest was distinctly different, especially in the
litter layer. Further, unexpectedly, a number of Collembola species
present in rainforest were also present in monoculture plantations.

The community core included Isotomiella spp. and Pseudosinella sp.1

in rainforest, which were replaced by Folsomides spp. in jungle rub-
ber and monoculture plantations, suggesting a uniform change in
community composition already starting in extensively managed
agroforestry systems, that is, jungle rubber. Folsomides spp. are pan-
tropical parthenogenetic species, usually numerically dominant in
soils of disturbed ecosystems all over the tropics. Our study shows
that they may reach high density in disturbed habitats even if the
disturbance level is low. The observed shift in community composi-
tionis also in line with strong changes in energy channeling in the be-
lowground food web after conversion of rainforest into agricultural
land-use systems at our study sites, that is, increased energy se-
questration in large decomposers and decreased predation (Potapov
et al., 2019). This highlights the susceptibility of the belowground
system to changes in land use.

Confirming our third hypothesis, water content and pH were the
most important environmental factors explaining species and trait
composition of Collembola in both litter and soil. Generally, effects
of environmental factors were more pronounced in litter than in
soil, presumably because soil buffers variations in environmental
conditions (Cassagnau, 1961), whereas biota in the litter layer are
more heavily exposed to such variations (Krashevska et al., 2015,
2019). The strong effect of pH in structuring the species and trait
composition of Collembola likely is related to the increase in soil pH
with the conversion of rainforest into plantation systems and asso-
ciated changes in microbial community composition (Berkelmann
et al., 2020; Brinkmann et al., 2019). The functional link between
pH and changes in trait composition, however, remains to be dis-

covered. Moreover, most of the variation in Collembola community
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composition in litter and soil remained unexplained suggesting that
stochastic or spatial processes were of major importance.

Species composition in litter in rainforest was associated with
high water content and high density of Mesostigmata and Gram-
negative bacteria. The relevance of water content for Collembola
community composition is in line with a number of studies from tem-
perate regions (Fujii et al., 2014; Kuznetsova, 2003; Ponge, 1993).
Soil moisture controls the risk of desiccation and the availability of
microorganisms as food for Collembola (Fierer et al., 2003; Rousk
et al., 2010; Zhang et al., 2013). High amounts of organic matter
and high water holding capacity in rainforest soil likely improve
habitat conditions and increase the availability of food resources in
particular for euedaphic Collembola (Muturi et al., 2011). The pres-
ence of a number of species, including Acrocyrtus sp.3, Lepidocyrtus
sp.1, Pararrhopalites sp.1, Sphaeridia sp.1, Sphaeridia sp.2, and two
euedaphic species (Pseudosinella sp.1 and Onychiuridae spp.) in rain-
forest, as well as in jungle rubber, was associated with high water
content. Further, the density of some Collembola species in litter
of rainforest also correlated with the amount of Gram-negative
bacteria, especially two Poduromorpha species, that is, Xenylla sp.1
and Superodontella sp.1, suggesting that these species may feed on
bacteria or bacterial feeding nematodes. Species in litter and soil
of plantations, such as Homidia cingula, Isotomurus cf. parabaltea-
tus, Dicranocentrus sp.1, Acrocyrtus sp.1, Folsomides centralis, and
Megalothorax cf. minimus, were associated with high pH. In litter,
however, high pH also was associated with low concentrations of
Gram-negative bacteria.

Salmon et al. (2014) showed that traits of species living in open
habitats and adapted to light exposure and dry conditions included
high mobility (long furca), large body size, presence of scales, pig-
mentation (as protection against UV), and organs for sensing wind
and light. Further, Winck et al. (2017) reported that open habitat
is linked to sensorial traits (number of ocelli, antenna length, and
trichobothria) and drought tolerance traits (body size). Salmon and
Ponge (2012) also showed that large mobile species were associ-
ated with agricultural systems with low amounts of litter. All these
traits of large mobile species were also associated with plantations
in our study. Presence of more Collembola with patterned color-
ation in plantations in comparison with rainforest was in line with
more pigmented ground spiders at these sites (Potapov et al., 2020).
Presumably, coloration patterns in ground-dwelling arthropods
(epedaphic Collembola and spiders) function as camouflage in rub-
ber and oil palm plantations with more open canopies and shallow
litter layer. Recording such universal trait patterns across groups
may help linking traits and environmental conditions in the future.
However, more data are needed to achieve this goal. For example, in
our study Collembola species with PAO reached high density in plan-
tations, whereas the density of Collembola species with PAO was
found to be low in agricultural sites in the temperate region (Salmon
& Ponge, 2012; Salmon et al., 2014). In our study, Collembola traits
correlated with water content and soil pH, whereas this was not

the case in the study of Salmon and Ponge (2012), suggesting that
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trait-environment relationships may differ between temperate and
tropical ecosystems or between different types of soils.

Finally, in contrast to our fourth hypothesis, species composi-
tion varied in a more predictable way with environmental factors
than trait composition, particularly in the litter layer, where environ-
mental factors did not significantly influence the trait composition
of Collembola. Due to the scarcity of information on the biology of
tropical Collembola, we focused on morphological traits, which we
assumed to be functional (Vandewalle et al., 2010). More detailed in-
formation on functional traits, including biological, physiological, and
morphological traits, is needed for understanding trait-environment
relationships in Collembola (Raymond-Léonard et al., 2019). On the
other hand, the environmental factors included in this study may
have missed important drivers of Collembola community compo-
sition. For example, the community composition of Collembola in
rubber plantations differed from that of the other studied land-use
systems, but the environmental factors studied failed to explain this
difference. Hence, while supporting the usefulness of the trait-based
approach, our analysis also highlighted the need for more informa-
tion on functional traits of Collembola in tropical regions.

4.3 | Dominant tropical Collembola

Dominating species at our study sites were previously recorded
across various tropical regions, suggesting that certain Collembola
species/taxa are well adapted to and widespread across tropical eco-
systems. Collembola communities were dominated by species of the
family Isotomidae, particularly the genera Folsomides and Isotomiella
(43% of total individuals). This is in line with the study of Warino
et al. (2017) in Jambi Province who reported that Folsomides and
Isotomiella may represent 40% of total Collembola density in plan-
tation systems. In tropical montane forests of the Doi Inthanon in
Thailand, Deharveng et al. (1989) also found Isotomiella spp. among
the dominant species, in particular in organic layers. Similarly, Muturi
et al. (2011) reported Isotomiella species to be among the most abun-
dant Collembola in intensively managed agricultural systems in
Kenya. Several species of this genus with similar morphology have
been found in Sumatra (Deharveng & Suhardjono, 1994), but their
ecology is little known. Three of them are particularly abundant
in Sumatra (I. symetrimucronata Najt and Thibaud, 1987, the most
abundant, I. nummulifer Deharveng and Oliveira, 1990, and I. cribrata
Deharveng & Suhardjono, 1994). Further information on Isotomiella
species in different land-use systems is needed to allow insight into
the pantropical diversification of this genus.

The other dominant genus of Isotomidae at our study sites was
Folsomides, with the species F. centralis and F. parvulus. These two
species are also codominant in many tropical regions across the
world, with the latter especially abundant in disturbed habitats
(Deharveng et al., 2020). At our study sites, F. centralis dominated
in each of the plantations, confirming its preference for disturbed

habitats. Similarly, in the tropical region of Oaxaca (Mexico) Rojas
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et al. (2009) reported Folsomina onychiurina to dominate in disturbed
systems. At our study sites, F. onychiurina was also present but it was
rare. An important characteristic of these pantropical Isotomidae is
their mode of reproduction: All species stated above are partheno-
genetic, which may explain their large distribution across the world,
as well as their capacity to colonize disturbed habitats.

Besides Isotomidae, species of the family Entomobryidae reached
high density in soil in most land-use systems. Pseudosinella sp.1
reached high abundance (30%), reflecting that this species also is well
adapted to the environmental conditions in agro-ecosystems. This is
in line with the study of Rojas et al. (2009) reporting that Pseudosinella
sp. may reach high density in fallow soils. The records of another
Entomobryidae species, Ascocyrtus cinctus, from our study sites also
fit earlier studies from Sumatra (Fatimah et al., 2012; Selvany, 2018).

Collembola communities across contrasting land-use systems
were numerically dominated by small, white, or pale-colored spe-
cies, often lacking eyes. However, true euedaphic (i.e., soil-dwelling)
species of the families Onychiuridae and Tullbergiidae, typically
abundant in temperate ecosystems, were rare in our study region,
presumably due to biogeographical history rather than current
ecological conditions (Deharveng et al., 1989). The similarity of
Collembola communities across tropical regions suggests that sev-
eral abundant pantropical species dominate in many natural and
transformed tropical ecosystems, either due to historical reasons
or adaptation to high temperature and other climate characteristics.
Different preferences observed in pantropical genera and species
of Collembola call for more focused studies on their genetic diver-
sity and ecological preferences across tropical regions to reveal the
history and diversification of Collembola across the tropics and to

understand their contribution to soil community functioning.

5 | CONCLUSIONS

Overall, changes in density, species richness, and diversity indices of
Collembola communities with conversion of rainforest into plantation
systems were moderate and were more pronounced in the litter than
the soil layer. Collembola density and species richness were higher
in litter than in soil in rainforest, whereas in oil palm plantations, it
was the opposite. Community composition of Collembola changed
strongly with rainforest conversion, but certain pantropical species
were present in high numbers across the studied land-use systems,
suggesting that these species are resistant to rainforest conversion
and associated changes in environmental factors. Unexpectedly, the
community composition of Collembola differed to a similar extent
between rainforest, jungle rubber, and monoculture plantations sug-
gesting that tropical Collembola communities are sensitive to even
moderate changes in land use. Collembola communities in plantations
were characterized by high abundance of species with sensory- and
mobility-associated traits, suggesting that such traits help soil-
dwelling arthropods in colonizing plantations. Water content and pH
were identified as environmental factors associated with species and

trait composition of Collembola communities across land-use systems

and layers. Further, Collembola communities likely were also struc-
tured by top-down control by micro- and macropredators (gamasid
mites and spiders). However, environmental factors explained only
up to 13.6% of Collembola community composition, suggesting that
factors not included in this study may be more important. Overall,
conversion of rainforest into plantation systems altered the composi-
tion of Collembola communities with potential consequences for de-
composition processes and other ecosystem services they provide.
To better understand the community assembly and functioning of
tropical Collembola communities, studies on the ecology and genetic

diversity of pantropical genera are needed.
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ferences in species and trait composition of Collembola communi-
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composition processes and other ecosystem services they provide.
However, the results also show that some species are resistant to
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Collembola as valuable approach to investigate effects of rainforest
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FIGURE A1 Hierarchical clustering of species based on their trait values
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TABLE A1 Mean values of environmental factors in the litter and soil layer in the four land-use systems studied (rainforest, jungle

rubber, rubber, and oil palm plantations) in the years 2013 and 2016

Litter layer
Rainforest
Rainforest
Jungle rubber
Qil palm
Qil palm
Rubber
Rubber

Soil layer
Rainforest
Rainforest
Jungle rubber
Qil palm
Qil palm
Rubber
Rubber

Year

2013 (n=8)
2016 (n=11)
2013 (n=28)
2013 (n=7)
2016 (n=11)
2013 (n=7)
2016 (n=11)
2013 (n=8)
2016 (n=12)
2013 (n=8)
2013 (n=8)
2016 (n = 10)
2013 (n = 8)
2016 (n=12)

Water content (%)

184.0
71.61
198.0
149.4
35.3
116.1
41.0

71.7
73.6
95.5
774
43.3
59.0
39.8

pH

4.3
3.8
51
5.4
51
5.5
5.3

3.7
3.9
4.3
4.7
4.9
4.3
5.0

C-to-N ratio

31.9
251
271
29.4
221
29.5
26.7

151
141
17.0
13.4
12,

11.9
14.5

NLFA 16:1®5c
(c nmol/g)

6.7
11.4
21.4
13.9

7.2
151

8.3

7.3
59
15.0
18.6
18.8
13.9
5%

PLFA 18:206,9 (%)

18.4
17.7
18.1
17.4
15.2
20.7
20.8

7.8
5.7
10.2
8.1
6.7
8.8
7.7

PLFA 20:5w3 (%)

0.7
1.4
0.3
0.3
1.4
0.7
1.4

0.3
0.9
0.3
0.1
0.3
0.1
0.5

Note: PLFA 18:2106,9, PLFA 20:503, Gr* bacteria markers (i15:0, a15:0, i16:0, i17:0), and Gr™ bacteria markers (20H 12:0, 20H 14:0, 16:1w7, cy17:0,
20H 16:0, cy19:0, 20H 10:0) were as results from arcsine square root transformation; Araneae, Formicidae, Mesostigmata, and Oribatida were as

results from log transformation; and n represents the number of plot in each year.
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Araneae log10 (ind/ Formicidae log10 (ind/ Mesostigmata log10 (ind/ Oribatida log10
Gr* bacteria (%) Gr’ bacteria (%) sample) sample) sample) (ind/sample)
33.8 30.4 0.32 0.73 1.53 2.09
46.3 40.2 0.19 0.37 1.13 191
36.4 28.2 0.07 0.13 1.10 2.03
375 27.9 0.04 0.15 0.99 1.56
46.9 37.6 0 0 0.82 1.32
39.9 24.8 0 0.51 1.07 1.72
40.5 38.6 0.08 0.22 0.85 1.28
58.4 37.8 0.35 1.03 0.81 1.08
68.4 43.8 0.33 0.82 0.64 0.91
50.2 24.3 0.32 0.39 0.56 1.11
55.1 30.6 0.04 0.25 0.83 1.58
721 291 0.19 0.62 1.14 1.24
45.5 21.7 0.13 0.59 0.88 1.38

65.1 30.7 0.29 0.52 0.58 0.81
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TABLE A2 Selected model and results for density based on region, system, layer, plot, and year

Model: Variable ~ 1 + (Layer + System)”2 + Landscape + (1|YearPlot)

Df AIC BIC logLik Deviance Chisq Chi Df Pr(>Chisq)
11 1,360.1 1,391.9 -669.0 1,338.1 2.0 0 0.0000
Results of the selected model for density per area

Chisq Df Pr(>Chisq)
Layer 2.7 1 0.1025
System 6.7 3 0.0833
Landscape 3.5 1 0.0627
Layer:System 11.8 3) 0.0081
Results of Tukey test for density of system and layer
System Layer Mean SD Letter
Jungle Rubber Litter 73.5 56.8 ab
Jungle Rubber Soil 32.6 22.0 ab
Qil Palm Litter 36.2 65.7 b
Qil Palm Soil 77.4 51.5 a
Rainforest Litter 71.0 61.2 ab
Rainforest Soil 84.0 124.5 ab
Rubber Litter 38.7 31.6 ab
Rubber Soil 47.7 23.9 ab

TABLE A3 Selected model and results for species richness based on landscape, system, layer, plot, and year

Model: Variable ~ 1 + (Layer + System)”2 + Year + (1|YearPlot)
Df AIC BIC logLik Deviance Chisq Chi Df Pr(>Chisq)
11 654.4 686.2 -316.2 632.4 35.5 0 0.0000
Results of the selected model for species richness

Chisq Df Pr(>Chisq)
Layer 1.4 1 0.2297
System 7.5 3 0.0588
Year 48.7 1 0.0000
Layer:System 14.5 3 0.0023
Results of Tukey test for species richness of system and layer
System Layer Mean SD Letter
Junggle Rubber Litter 6.75 271 ab
Junggle Rubber Soil 6.00 3.38 ab
Qil Palm Litter 3.68 2.76 b
Qil Palm Soil 6.68 3.57 a
Rainforest Litter 6.95 5.14 a
Rainforest Soil 5.35 3.09 ab
Rubber Litter 4.30 271 ab
Rubber Soil 5.10 2.22 ab
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TABLE A4 Selected model and results for functional diversity based on landscape, system, layer, plot, and year

Model:Variable ~ 1 + (Layer + System)”2 + Year + Riparian + Landscape + (1|YearPlot)

Df AIC BIC logLik Deviance Chisq Chi Df Pr(>Chisq)
13 826.5 863.7 -400.3 800.5 32.2 2 0.0000

Result of the selected model for functional diversity

Chisq Df Pr(>Chisq)
Layer 29 1 0.0887
System 6.4 3 0.0933
Year 29.4 1 0.0000
Riparian 0.1 1 0.7876
Landscape 3.6 1 0.0570
Layer:System 14.0 3 0.0029

Results of Tukey test for functional diversity of system and layer

System Layer Mean SD Letter
Junggle Rubber Litter 14.10 4.41 ac
Junggle Rubber Soil 17.10 6.13 ac

Oil Palm Litter 9.60 6.23 c

Oil Palm Soil 15.81 7.01 a
Rainforest Litter 16.32 8.91 ab
Rainforest Soil 12.81 6.91 ac
Rubber Litter 10.20 5.90 bc
Rubber Soil 12.11 4.51 ac

TABLE A5 Selected model and results for density per gram carbon based on region, system, layer, plot, and year

Model: Variable ~ 1 + Layer + System)”2 + Riparian + (1|Year) + (1|Year/Plot) + (1|Landscape)

Df AIC BIC logLik Deviance Chisq Chi Df Pr(>Chisq)
11 1,275.7 1,307.5 626.8 1,253.7 6.7 0 0.0000

Result of the selected model for density per gram of carbon

Chisq Df Pr(>Chisq)
Layer 73.6 1 0.0000
System 4.5 3 0.2089
Year 7.5 1 0.0061
Layer:System 10.3 3 0.0162

Results of Tukey test for density per gram carbon of system and layer

System Layer Mean SD Letter
Junggle Rubber Litter 9.11 7.22 a
Junggle Rubber Soil 0.57 0.32 d

Oil Palm Litter 5.75 5.94 a

Oil Palm Soil 1.70 1.13 bc
Rainforest Litter 4.22 3.47 ab
Rainforest Soil 1.42 1.99 cd
Rubber Litter 4.19 3.60 ab

Rubber Soil 1.09 0.57 cd
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TABLE A6 Selected model and results for functional dispersion based on region, system, layer, plot, and year

Model: Variable ~ 1 + (Layer+System)”2 + Year + (1|YearPlot)

Df AIC BIC logLik Deviance Chisq Chi Df Pr(>Chisq)
11 -341.6 -310.2 181.8 -363.6 3.80 2 0.00
Results of the selected model for functional dispersion
Chisq Df Pr(>Chisq)
Layer 0.1 1 0.8981
System 1.1 3 0.7601
Year 3.8 1 0.0510
Layer:System 12.6 3 0.0053
Dominating species of Collembola in litter layer from different land-use system FIGURE A2 Dominating species of
14000 Collembola in litter and soil layer from
L 12000 different land-use systems
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FIGURE A3 Linear discriminant
analysis of species (a, ¢) and trait
composition (b, d) of Collembola
communities in the litter (a, b) and soil
layer (c, d) in 2013. Land-use system was
used as grouping variable. Each point
represents a sample

FIGURE A4 Linear discriminant
analysis of species (a, ¢) and trait
composition (b, d) of Collembola
communities in the litter (a, b) and soil
layer (c, d) in 2016. Land-use system was
used as grouping variable. Each point
represents a sample
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TABLE A7 Mahalanobis distances from LDA of species composition in litter and soil layer

F-value dfl df2 p-value MD?
Litter layer
Rainforest-Jungle rubber 6.57 3 22 0.0024 3.2315
Rainforest-Rubber 14.87 3 32 0.0001 1.4898
Rainforest-Oil palm 4.73 3 31 0.0078 3.1200
Jungle rubber-Rubber 4.50 3 22 0.0130 1.6731
Jungle rubber-0Oil palm 5.35 3 21 0.0067 1.9256
Rubber-0Qil palm NaN 3 14 NaN 2.5382
Soil layer
Rainforest-Jungle rubber 5.18 3 23 0.0069 2.2691
Rainforest-Rubber 8.00 3 36 0.0003 1.7148
Rainforest-Qil palm 9.30 3 33 0.0001 1.8029
Jungle rubber-Rubber 3.08 3 23 0.0471 1.4614
Jungle rubber-0Oil palm 3.00 3 20 0.0544 1.7851
Rubber-QOil palm NA 3 16 NA 1.6884

TABLE A8 Mahalanobis distances from LDA of trait composition in litter and soil layer

F-value dfl df2 p-value MD?
Litter layer
Rainforest-Jungle rubber 4.74 3 22 0.0106 2.2898
Rainforest-Rubber 5.73 3 32 0.0029 2.5403
Rainforest-Qil palm 9.99 3 32 0.0001 1.7000
Jungle rubber-Rubber 4.62 3 22 0.0117 2.4590
Jungle rubber-Qil palm 4.53 3 22 0.0127 2.5188
Rubber-Qil palm NA 3 14 NA 1.8473
Soil layer
Rainforest-Jungle rubber 6.00 3 23 0.0035 3.2876
Rainforest-Rubber 9.35 8 36 0.0001 1.8002
Rainforest-Qil palm 7.90 3 33 0.0004 1.9245
Jungle rubber-Rubber 4.13 8 23 0.0175 2.2041
Jungle rubber-0Oil palm 7.63 3 20 0.0013 2.3269
Rubber-Oil palm NA 8 16 NA 1.0510



