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Abstract Deforestation, plantation expansion and

other human activities in tropical ecosystems are often

associated with biological invasions. These processes

have been studied for above-ground organisms, but

associated changes below the ground have received

little attention. We surveyed rainforest and plantation

systems in Jambi province, Sumatra, Indonesia, to

investigate effects of land-use change on the diversity

and abundance of earthworms—a major group of soil-

ecosystem engineers that often is associated with

human activities. Density and biomass of earthworms

increased 4—30-fold in oil palm and rubber mono-

culture plantations compared to rainforest. Despite

much higher abundance, earthworm communities in

plantations were less diverse and dominated by the

peregrine morphospecies Pontoscolex corethrurus,

often recorded as invasive. Considering the high

deforestation rate in Indonesia, invasive earthworms

are expected to dominate soil communities across the

region in the near future, in lieu of native soil

biodiversity. Ecologically-friendly management

approaches, increasing structural habitat complexity

and plant diversity, may foster beneficial effects of
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invasive earthworms on plant growth while mitigating

negative effects on below-ground biodiversity and the

functioning of the native soil animal community.

Keywords Land-use change � Sumatra � Biomass �
Soil biodiversity � Riparian zone � Seasonal changes �
Genetic diversity � COI

Introduction

Land-use change in the tropics is largely driven by the

establishment of high-production agricultural systems

in order to provide humanity with food and other

agricultural products (Laurance et al. 2014; Edwards

et al. 2019). Rainforests are cleared across tropical

regions with recent deforestation being especially

pronounced in Indonesia (Hansen et al. 2013). Over

the last 30 years, most of the lowland rainforests in

Sumatra (Indonesia) have been converted into planta-

tions, with oil palm and rubber being the dominating

crops (Margono et al. 2012). These land-use changes

disturb habitats, degrade biodiversity and provide

dispersal vectors for organisms, thereby opening

opportunities for invasions by exotic species into the

transformed ecosystems (Bellard et al. 2016; Clough

et al. 2016; Rembold et al. 2017). Such invasions may

have diverse impacts on biodiversity and ecosystem

functioning on the local and regional scale, being

among the strongest drivers of environmental changes

globally (Simberloff 2011; IPBES 2019). For instance,

terrestrial invertebrate invaders, on average, reduce

plant and animal abundance, and may speed up

ecosystem processes such as decomposition (Cameron

et al. 2016). In Sumatra, plantations have been

reported to be inhabited by a range of alien plant,

tramp ant and common bird species (Prabowo et al.

2016; Rembold et al. 2017; J. Drescher personal

communication). However, to date, little is known

about the potential belowground invasions associated

with the recent land-use change in Southeast Asia.

Below-ground invasions are largely unseen and

thus have received little attention by science and

society. However, below-ground invasions may be as

dramatic and drive as large ecosystem changes as

those above the ground (Hendrix et al. 2008; Craven

et al. 2017). One important example of below-ground

invasions is that of earthworms that have very

pronounced ecosystem effects through their action as

ecosystem engineers (Bohlen et al. 2004; Eisenhauer

2010; Frelich et al. 2019). More than 100 earthworm

species are considered to be peregrine, i.e., having a

wide distribution range and often being linked to

human activities (Hendrix et al. 2008; Blakemore

2009). Human-induced long-distance dispersal likely

is the most important mechanism facilitating the

invasion of peregrine earthworms into new areas

(Hendrix et al. 2008; Cameron and Bayne 2009; Klein

et al. 2019). Introduced earthworms may change soil

physical and chemical characteristics, nutrient and

water cycling, gas emissions and plant communities,

thus having a prominent impact on ecosystem func-

tioning (Hale et al. 2006; Eisenhauer et al. 2012;

Lubbers et al. 2013; Blouin et al. 2013). Recent meta-

analyses summarized effects of introduced earth-

worms on northern North American forests, showing

that earthworm invasions are associated with the

decline in diversity and changes in community com-

position of plants (Craven et al. 2017), reduced soil

biodiversity and altered depth distribution of soil

communities (Ferlian et al. 2018), as well as homog-

enization of soil layers substantially changing nutrient

pools and fluxes (Ferlian et al. 2020). Increased

earthworm density may also cause multitrophic

changes that cascade beyond the basal trophic level

(Scheu 2003; Wurst 2010), altering the pathways of

energy flux through trophic networks and reducing the

provisioning of energy to predators (Potapov et al.

2019).

The Indonesian earthworm fauna is largely domi-

nated by Megascolecidae, but also includes a number

of species from other earthworm families (e.g.,

Moniligastridae, Lumbricidae) with 182 species

records in total according to DriloBASE (Drilobase

Project 2020). More than 50 alien earthworm species

were recorded in Southeast Asia, demonstrating a

large potential for belowground invasions in the

region (Blakemore et al. 2006). Across tropical areas,

Pontoscolex corethrurus (Rhinodrilidae) by far is the

most frequently recorded peregrine earthworm inva-

der particularly colonizing disturbed but also native

ecosystems (Taheri et al. 2018b). It was first described

from Brazil, but today has a pantropical distribution

with several cryptic lineages (Taheri et al. 2018a;

James et al. 2019). Invasion by P. corethrurus may

result in significant modifications of soil bulk density,

biochemical processes and abundance of other soil
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organisms, with the direction of change depending on

soil type (Marichal et al. 2010; Taheri et al. 2018b).

Most studies on the invasion by P. corethrurus were

conducted in India, Brazil and Mexico, while only few

records exist from Indonesia (Taheri et al. 2018b).

Land-use change in tropical rainforest areas was

suggested to facilitate the invasion by P. corethrurus

into soils of high pH, C and N contents in particular

after burning (Marichal et al. 2010). Pontoscolex

corethrurus and other invasive earthworm species

predominantly colonize agricultural fields (Darmawan

et al. 2017; Taheri et al. 2018b), but below-ground

invasions associated with the expansion of oil palm

and rubber plantations across Indonesia (Margono

et al. 2014; Vijay et al. 2016) have not been

investigated yet.

Biomass of earthworms in oil palm and rubber

plantations has been found to exceed that in rainforest

in our previous study in Jambi province, Sumatra

(Potapov et al. 2019). Building on these findings, here

we expanded our sampling to investigate if the

abundance of earthworms is systematically higher in

plantations in comparison to rainforests. We specifi-

cally collected data at (1) riparian sites, (2) different

years, (3) soil depths and (4) seasons. Further, we

investigated the diversity of earthworm species in

rainforest and plantation systems using COI barcoding

to reveal if land-use change is associated with the

spread of invasive species into lowland landscapes of

Sumatra.

Methods

Study region

The study was conducted in the framework of the

collaborative research project CRC990 ‘‘EFForTS’’

investigating ecological and socioeconomic changes

associated with the transformation of lowland rain-

forest into agricultural systems (https://www.uni-

goettingen.de/de/310995.html). Four land-use sys-

tems, rainforest (F), jungle rubber (J), rubber mono-

culture (R) and oil palm monoculture (O), were

studied in lowlands of Jambi province, Sumatra,

Indonesia (average temperature 26.7 ± 0.2 �C,

annual precipitation 2235 ± 381 mm). Sampling

plots were established in two landscapes, in and

around Harapan rainforest and Bukit Duabelas

national park. Each system was replicated eight times

(four times in each of the two landscapes) resulting in a

total of 32 ‘‘core plots’’. In addition, four replicates of

each rainforest, rubber and oil palm monocultures

were established in riparian areas in the Harapan

landscape (12 ‘‘riparian plots’’; Fig. 1; Table S1).

Rainforest sites were used as control and were close to

natural conditions, but underwent selective logging

between 1985 and 2000. Jungle rubber sites originated

from logged rainforest sites planted with rubber trees

(Hevea brasiliensis) and were dominated by rubber

with some native tree species interspersed. Rubber and

oil palm (Elaeis guineensis) monoculture plantations

represent intensive land-use systems with fertilizer

addition and regular herbicide application of an age of

10–20 years depending on the sampling event (see

below). Most of the studied monocultures represent

first-generation plantations and originated from log-

ged and/or burned rainforest or replaced agroforests

such as jungle rubber (Margono et al. 2012). Between

1990 and 2013, rainforest cover decreased from 49.5

to 34.5% in Jambi province, while combined rubber

and oil palm cultivation increased from 26.4 to 32.5%

(Grass et al. 2020). Soils at the sampling sites were

acrisols with sandy loam texture in the Harapan and

clay texture in the Bukit Duabelas landscape (Allen

et al. 2016).

Sampling

In total, five sampling campaigns were conducted for

this study (Fig. 1; Table 1). (1) The first sampling

campaign took place during October and November

2012 (Barnes et al. 2014). In each of the 32 core plots,

three soil samples of 50 9 50 cm were excavated to a

depth of 20 cm, earthworms were collected manually

by hand sorting and stored in 65% ethanol. In the

laboratory, all earthworms were individually mea-

sured for length and width and weighed. In total, 848

earthworms were collected and analyzed. (2) The

second sampling campaign was conducted during

October and November 2013 (Klarner et al. 2017;

Potapov et al. 2019). In each of 32 core plots, three soil

samples 16 9 16 cm, litter and the upper 5 cm of the

soil were taken, and earthworms were extracted by

heat using a high-gradient extractor, collected in

dimethyleneglycol—water solution (1:1) and then

stored in 70% ethanol. All earthworms were individ-

ually measured for length and width. In total, 266
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earthworms were collected. (3) The third sampling

campaign was conducted during October and Novem-

ber 2016. All core plots, except for jungle rubber, and

all riparian plots were sampled, resulting in a total of

36 plots (three samples per plot). Sampling and

extraction were done as in the second sampling

campaign. In total, 240 earthworms were collected

and used to compare upland (core) and riparian sites.

Fig. 1 Map of the study region (Jambi province) with sampling

plots. Colors show different land-use systems, ‘ ? r’ marks

riparian plots. Each sampling campaign was done on a subset of

plots, as shown schematically here and described in the text. The

background map was obtained from https://www.

openstreetmap.org; latitude and longitude are shown as deci-

mal degree

Table 1 Summary of the sampling campaigns conducted

Sampling

campaign

Sampling dates Sampling sites Sampling methods and sample size Obtained data

I Sampling

campaign

October–

November 2012

32 Core plots across both

landscapes

Hand sorting, 50 9 50 x 20 (width x

length x depth) cm soil samples

(three per plot)

Density, body length,

body mass, biomass

II Sampling

campaign

October–

November 2013

32 Core plots in both

landscapes

Heat-gradient extraction

16 9 16 x 5 cm soil samples and

litter (three per plot)

Density, body length,

biomass

III Sampling

campaign

October–

November 2016

24 Core plots (no jungle

rubber) in both landscapes

and 12 riparian plots

Heat-gradient extraction

16 9 16 x 5 cm soil samples and

litter (three per plot)

Density

IV Seasonal

sampling

campaign

March, June,

September and

December 2017

12 Core plots (no jungle

rubber) in Harapan

landscape

Heat-gradient extraction

16 9 16 x 5 cm soil samples and

litter (one per plot)

Density

V Genetic

sampling

campaign

October 2017 12 Core plots (no jungle

rubber) in Harapan

landscape and 12 riparian

plots

Tullgren funnels with heating plates

extraction 16 9 16 x 5 cm soil

samples and litter (two per plot)

COI sequences,

juvenile proportion

in Pontoscolex spp.
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Material from these three sampling campaigns was

used to assess earthworm abundance in different land-

use systems. (4) The fourth sampling campaign

(‘‘seasonal’’) was conducted in 2017. Samples were

taken four times a year: end of the wet season (March),

middle of the dry season (June), end of the dry season

(September), and middle of the wet season (Decem-

ber), on core plots of the Harapan landscape, except

for jungle rubber plots. On each of 12 plots in each

season, one soil sample of 16 9 16 cm comprising

litter and the upper 5 cm of the soil was taken, and

earthworms were extracted by heat as described

above. In total, 76 earthworms were collected and

used for assessing seasonal changes in earthworm

abundance (Table S2). (5) The fifth sampling cam-

paign (‘‘genetic’’) was conducted in October 2017. All

core plots of the Harapan landscape except jungle

rubber, and all riparian plots were sampled, resulting

in a total of 24 plots. On each plot two soil samples of

16 9 16 cm comprising litter and the upper 5 cm of

the soil were taken, and earthworms were extracted

directly into 96% ethanol using Tullgren funnels with

heating plates (Semenina et al. 2015) and stored in a

freezer (–20 �C). In total, 151 earthworms were

collected, 104 of which were selected for genetic

analysis to assess genetic diversity (see below).

Biomass estimation

To estimate earthworm biomass, we used data col-

lected during the first sampling campaign to establish

region-specific coefficients for a body size—body

mass regression. The regression was fitted using lm in

R 3.5.3 (R Core Team 2019) as ln(-

mass) * ln(length) ? log(width), where mass is the

body mass in gram after storage in ethanol (as proxy

for fresh weight), length and width were measured in

millimeter and ln is the natural logarithm. The model

had an R2 of 0.853, an intercept of –7.282, a length

coefficient of 1.075 and a width coefficient of 1.415

(Fig. S1). This equation was used to calculate biomass

of earthworms from the second sampling campaign,

where only length and width, but not body mass, were

measured. Measured body mass from the first cam-

paign and estimated mass from the second sampling

campaign were used to analyze the effect of land use

on earthworm biomass (Appendix S1).

Genetic analysis

Out of 151 earthworms collected during the ‘‘genetic’’

sampling campaign, we selected 104 individuals. The

selection was designed to cover all eight sampling

plots in each of the land-use systems and to analyze

one to six specimens per plot randomly, depending on

availability. We obtained cytochrome c oxidase sub-

unit I (COI) sequences of 72 individuals (69% success

rate), of which 24 individuals were from rainforest, 28

from rubber and 20 from oil palm monoculture

(Table S3). For genetic analyses, the final three

segments of the hind end of earthworms were cut

with a sterile scalpel avoiding transferring soil and gut

content from the earthworm. For DNA extraction, we

used the Agencourt DNAdvance Kit (Beckman Coul-

ter, Krefeld, Germany) following the manufacturer’s

protocol. Earthworm tissue was individually trans-

ferred into 200 ll lysis buffer, without 1 M DTT, on a

96 well plate and 7 ll of Proteinase K (20 lg/ll,

Genaxxon, Ulm, Germany) was added. Samples were

incubated overnight on a shaking heat-block at 55 �C
and processed after 18 h on the automated robot

system Biomek 3000 (Beckman Coulter, Krefeld,

Germany) using the standard protocol for DNA

extraction and an elution volume of 100 ll. The

standard barcoding gene COI was amplified and

sequenced. The PCR reaction mix of 25 ll volume

contained 3 ll of template DNA, 12.5 ll of SuperHot

Mastermix (Genaxxon, Ulm, Germany), 1 ll BSA

(3%), 1 ll of each primer (10 pM, LCO1490 and

HCO2198; Folmer et al. 1994). The PCR started with

an initial activation step at 95 �C for 15 min, followed

by 35 amplification cycles (denaturation at 95 �C for

30 s, annealing at 53 �C for 60 s, elongation at 72 �C
for 60 s), and a final elongation step at 72 �C for

10 min, and products were sequenced at SeqLab

Göttingen (Microsynth). Sequences were checked

with Geneious Prime 2019 (www.geneious.com) and

ambiguous positions were corrected using the elec-

tropherograms. Consensus sequences were aligned in

AliView v1.25 (Larsson 2014) using default settings

and truncated to equal lengths. The resulting align-

ment was analyzed for haplotype diversity using the

DNA-to-haplotype collapser and converter of the

online tool FaBox 1.5 (Villesen 2007). Haplotype

identities were checked using the nucleotide BLAST

algorithm of the NCBI database (www.ncbi.nlm.nih.

gov; Table S3). We further manually compared
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sequences of P. corethrurus with those available in

NCBI to identify the particular lineage of this mor-

phospecies (i.e., cryptic species) (Taheri et al. 2018a).

To verify molecular identification, we additionally

distinguished morphotypes of Pontoscolex spp. (Ta-

heri et al. 2018a; Fig. S2) and estimated the proportion

of juvenile earthworms in the material of the genetic

sampling campaign (Table S5).

Data analysis

Statistical analyses were done in R 3.5.3 with R studio

interface 1.0.143 (RStudio, Inc.). For the analyses,

samples within plots were pooled and plots were

treated as replicates. The effect of land use (F, J, R, O)

on the number of earthworms per plot was evaluated

using generalized linear models with negative bino-

mial distribution using glm.nb in the MASS package.

Data over dispersion was tested with the AER package.

Two models were run separately: the first model was

based on the data from the first sampling campaign

(2012, sampling 0–20 cm of soil) and included land

use and region (Harapan vs. Bukit duabelas) and their

interaction as factors; the second model was based on

the data from the second and third sampling cam-

paigns (2013 and 2016, sampling 0–5 cm of soil) and

included land use, region, their interaction and sam-

pling year as factors. Pairwise differences among land-

use systems in the models for abundance were tested

using the glht package in the multcomp package. The

data on biomass was very heterogeneous and was not

well described by Gaussian, log-normal or gamma

generalized linear models; thus, we fitted linear

models using generalized least squares using gls in

the nlme package. These models allowed us to

explicitly account for unequal variances in different

land-use systems by setting varIdent(-

form = * 1|Landuse). Pairwise differences among

land-use systems in the models for biomass were

tested using non-parametric Median.test in the agri-

colae package. To test for differences in earthworm

abundance between upland and riparian areas, we used

data from the third sampling campaign and applied

glm.nb with riparian status (true or false), land use and

their interaction as factors. To inspect for differences

in seasonal changes in earthworm abundance among

land-use systems, we used data from the ‘‘seasonal’’

sampling and applied glm.nb with month (March,

June, September and December), land use and their

interaction as factors. To estimate earthworm diversity

in each land-use system, we extrapolated the number

of haplotypes using specpool based on individuals

(Chao estimator) and also displayed rarefaction curves

using specaccum in the vegan package in R. Propor-

tion of Pontoscolex spp. in different land-use systems

was illustrated using the bipartite package. Data in the

text are presented as means and 1 SD.

Results

In the top 20 cm of soil (sampling in 2012), the

number of earthworms in jungle rubber and both

rubber and oil palm monoculture plantations was

15–30 times higher (Fig. 2a; effect of land-use system:

v2
3 = 89.8, p\ 0.0001) and biomass was about 10

times higher (effect of land-use system: v2
3 = 26.4,

p\ 0.0001) compared to rainforest. Among the

agricultural systems, rubber monoculture had

(a) (b)

(c) (d)

Fig. 2 Abundance of earthworms in different land-use systems.

Comparison of land-use systems based on sampling to the depth

of 20 cm (a, first sampling campaign) and to the depth of 5 cm

(b, second and third sampling campaigns); upland versus
riparian sites (c, third sampling campaign); seasonal variation

in different land-use systems (d, seasonal sampling campaign).

Rainforest (F, green), jungle rubber (J, grey), rubber monocul-

ture (R, blue), oil palm monoculture (O, yellow). White labels

on the panels a and b represent mean values, means sharing the

same letter are not significantly different (Tukey contrasts). For

seasonal changes, ribbons represent standard errors of means
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significantly higher biomass of earthworms (fresh

mass 15.8 SD 12.6 g m-2) than jungle rubber (4.6 SD

4.5 g m-2) and oil palm monoculture (5.6 SD

3.9 g m-2). In rainforest biomass averaged only 0.5

SD 1.0 g m-2. In the litter and top 5 cm of soil

(second and third sampling campaigns in 2013 and

2016), the number of earthworms was about four times

higher (effect of land-use system: v2
3 = 32.9,

p\ 0.0001), while the biomass in all agricultural

systems was about 20 times higher (reaching the

maximum 16.2 SD 14.7 g m-2 in jungle rubber)

compared to rainforest (0.6 SD 0.9 g m-2; effect of

land-use system: v2
3 = 41.5, p\ 0.0001; Fig. 2b).

The discrepancy in the decline in biomass and

abundance between the two methods was due to the

underrepresentation of small earthworm individuals

by hand sorting especially in rainforest (Fig. S2).

The number of earthworms averaged 134.5 SD

160.1 ind. m-2 in upland but only 44.5 SD 43.9 in

riparian sites (effect of riparian area: v2
1 = 11.2,

p = 0.0008; Fig. 2c). In the ‘seasonal’ sampling

campaign earthworm abundance was lowest in

December (22.8 SD 26.1 ind. m-2) and highest in

March (100.91 SD 126.5 ind. m-2; effect of season:

v2
1 = 12.9, p = 0.0048). However, seasonal changes

were asynchronous in different land-use systems with

the number of earthworms being high in plantations

and low in rainforest in March, and the opposite being

true in September (season 9 land use interaction:

v2
1 = 15.1, p = 0.0197; Fig. 2d). More detailed

results of statistical models are given in Appendix S1.

The genetically analyzed samples showed that

haplotype richness was considerably higher in rain-

forest (Chao-rarefied haplotype richness 65.0 SD 42.2)

than in rubber (14.7 SD 11.3) and oil palm monocul-

ture plantations (14.6 SD 11.1; Fig. 3). Overall, 50 out

of 72 individuals were assigned to the morphospecies

P. corethrurus, which represented[ 50% of the

individuals in oil palm monoculture and was the only

morphospecies recorded in rubber monoculture plan-

tations. Pontoscolex corethrurus was also present in

rainforest, but at low abundance sharing dominance

with other taxa (Fig. 3). In total, ten haplotypes were

found within the morphospecies ofP. corethrurus, five

in rainforest, seven in rubber and four in oil palm

monoculture plantations. The two most abundant

haplotypes were present in all three land-use systems,

while haplotypes specific for certain land-use systems

were only represented by single individuals (Tables S3

and S4). Although comprising different haplotypes, all

sequences of P. corethrurus matched Lineage 1 of P.

corethrurus, i.e. P. corethrurus sensu stricto. The

other sequences of earthworms poorly matched

records of Megascolecidae and in part also Lumbri-

cidae (80–85% similarity in most of the cases).

Morphological identification of Pontoscolex spp.

matched the genetic identification. The proportion of

juvenile individuals among the earthworms that were

morphologically identified as Pontoscolex spp. aver-

aged 67 ± 45% in rainforest, 82 ± 19% in rubber,

and 84 ± 20% in oil palm (Table S5). For accession

numbers of COI sequences of the ten haplotypes of P.

corethrurus see Table S6 (MT975675-MT975684).

All other earthworm sequences were not submitted to

a public database due to missing morphological

identification, but are available from the correspond-

ing author on request.

Discussion

Here we provided the first detailed assessment of how

conversion of tropical lowland rainforest into oil palm

and rubber plantations, the dominant agricultural

systems in Sumatra and other regions in Southeast

Asia (Margono et al. 2014; Corley and Tinker 2016;

Grass et al. 2020), changes earthworm communities

and facilitates belowground invasions. Our results are

straightforward: the density and biomass of earth-

worms in plantation systems exceeded that in rain-

forest by factors of 4–30. The differences in

earthworm density between land-use systems varied

with season and were also prominent, although less

pronounced, in riparian sites. Despite much higher

abundance, earthworm communities in plantations

were much less diverse with monoculture communi-

ties having far lower numbers of haplotypes and being

dominated by the peregrine morphospecies P.

corethrurus known as invasive species across tropical

regions (Brown et al. 2006; Taheri et al. 2018b).

Context of the earthworm invasion

Here and below, we use the term ‘invasive’ following

Valéry et al. (2008) ‘‘…species’ acquiring a compet-

itive advantage following the disappearance of natu-

ral obstacles to its proliferation, which allows it to

spread rapidly and to conquer novel areas within

123

Oil palm and rubber expansion facilitates earthworm invasion in Indonesia 2789



recipient ecosystems in which it becomes a dominant

population’’. Pontoscolex corethrurus, specifically

Lineage 1, has a pantropical distribution and among

other countries was recorded from Brazil, where the

species was first described, and from Malysia (Taheri

et al. 2018a; James et al. 2019). The suggested origin

of the family Rhinodrilidae is South America (Righi

1984; Anderson et al. 2017), which fits well to the

South American origin of the rubber tree H. brasilien-

sis, the crop that benefited P. corethrurus most in our

study. Oil palm, the dominant crop in the region,

originates from Africa, but today is planted across

tropical lowlands (Corley and Tinker 2016). Although

the history of the expansion of P. corethrurus remains

unclear, human-induced occasional dispersal with soil

and plants likely facilitated its spread (Taheri et al.

2018b). Considering the long cultivation history of

rubber and oil palm in Indonesia, going back to the

early twentieth century, and the recent massive

expansion of these crops on Sumatra after the 1970s

and 1990s (Barlow 1997; Margono et al. 2012; Corley

and Tinker 2016), different earthworm invasion sce-

narios are possible. The most abundant haplotype of P.

corethrurus in plantations was also found in rainforest,

together with four other haplotypes. Whether the

morphospecies was introduced with recent intensive

deforestation or populations proliferated earlier after

landscape transformation remains unclear, calling for

studies at larger regional scale (Klein et al. 2019). The

matches of sequences of other earthworm species in

our dataset were poor and usually only at family level

(80 to 85% match in the NCBI; Table S3) suggesting

that they represent species not yet sequenced. Further,

PCRs were negative or sequences were of low quality

for about 30% of the individuals studied, indicating

that we likely underestimated earthworm diversity and

that comprehensive taxonomic work including

sequencing needs to be done in the region. Below

we discuss potential reasons and consequences of the

invasion, finishing with potential strategies to control

it.

Factors favoring earthworm invasion

Factors favoring the expansion of peregrine earth-

worms in the tropics are well studied. Our results

match earlier findings that in particular P. corethrurus

often proliferates in converted habitats, such as

croplands, pastures, urban areas and gardens (Mari-

chal et al. 2010), but may also colonize forests (Taheri

et al. 2018b). A study from Java (Indonesia) showed a

decline in native forest earthworm species in coffee

and fruit vegetable plantations, while the exotic

Ocnerodrilus occidentalis (Ocnerodrilidae) and P.

(a) (b)

Fig. 3 Genetic diversity of earthworm communities in different

land-use systems. Rainforest (green, F), rubber monoculture (R,

blue), oil palm monoculture (O, yellow). Rarefaction curves for

the number of haplotypes based on individuals, semi-transparent

ribbons reflect standard deviations (a). Connection width in the

bipartite network (b) shows the relative abundance of Pon-
toscolex corethrurus in each land-use system among the total of

72 sequenced individuals (data is based only on the ‘genetic’

sampling campaign)
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corethrurus became dominant (Darmawan et al.

2017). Another study from Malaysia showed that oil

palm plantations were only colonized by P. corethru-

rus (Sabrina et al. 2009). Pontoscolex corethrurus is

known to colonize soils of high pH, N and P

availability (Marichal et al. 2010; Taheri et al.

2018b). Matching these findings, at our study sites, P

availability and pH are higher in plantation systems

than in rainforest (Allen et al. 2016). Pontoscolex

corethrurus was also observed to be abundant in

habitats with scarce litter resources (Marichal et al.

2010; Shilenkova and Tiunov 2015), and this also

matches our study sites, where the litter layer is less

pronounced in plantation systems, in particular in oil

palm, than in rainforest (Krashevska et al. 2015).

Changes in environmental conditions associated with

deforestation were shown to negatively impact fore-

most native earthworms species and this may open up

niches for P. corethrurus thereby facilitating its

proliferation (Marichal et al. 2010). The success of

P. corethrurus in colonizing disturbed habitats may be

facilitated by parthenogenetic reproduction, high

fecundity, short development time, and reproductive

and environmental plasticity (Taheri et al. 2018b).

Pontoscolex corethrurus is an endogeic geopha-

gous earthworm species that was suggested to derive

much of its tissue carbon from the rhizosphere in

sugarcane plantations (Spain et al. 1990). Findings of

our study suggest that this may not uniformly apply.

Rubber is harvested by cutting the tree phloem, which

reduces the allocation of carbon compounds to roots

and, correspondingly, is likely reducing rhizodeposi-

tion. Despite that, P. corethrurus was particularly

abundant in rubber monoculture plantations and was

the only morphospecies recorded there, based on our

‘genetic’ sampling campaign in 2017. This may point

to high trophic flexibility of P. corethrurus, allowing it

to colonize habitats differing in resource availability.

In addition, the density of large invertebrate predators

in oil palm and rubber plantations is much lower than

in rainforest (Barnes et al. 2014; Potapov et al. 2019),

which may also facilitate P. corethrurus to thrive

without much natural enemies.

Interestingly, the density of earthworms in the top

5 cm of soil declined during the dry season in

plantations but not in rainforest suggesting that

earthworms in plantations are more susceptible to

reduced summer precipitation (Drescher et al. 2016)

and either die or move to deeper soil layers.

Potentially, this reflects that P. corethrurus dominat-

ing in plantations is more sensitive to soil desiccation

than native species dominating in rainforest, but this

needs further investigation.

Consequences of earthworm invasion

Consequences of the invasion by P. corethrurus for

ecosystem processes also have been intensively stud-

ied. Pontoscolex corethrurus is generally known to

compact soil and enhance N and P availability

(Lavelle and Martin 1992; Lopez-Hernandez et al.

1993; Sabrina et al. 2009; Taheri et al. 2018b).

Earthworms in general are known to accelerate

organic matter and nutrient turnover, usually having

positive effects on plant growth in the tropics (Brown

et al. 1999). However, the magnitude and direction of

the effects vary with soil characteristics and land use

(Taheri et al. 2018b). Potential negative effects

include the decline in herbaceous vegetation and tree

seedlings resulting e.g., in shifts in plant-community

composition in natural forests (Hale et al. 2006;

Craven et al. 2017), the increase in net soil green-

house-gas emissions (Lubbers et al. 2013), and

reduced soil biodiversity (Ferlian et al. 2018).

Earthworm expansions are negatively affecting soil

biodiversity on multiple trophic levels. The density of

P. corethrurus is often inversely correlated with the

density of other earthworm species, especially native

ones (Lapied and Lavelle 2003; Taheri et al. 2018b).

The dominance of the endogeic P. corethrurus and the

exclusion of other functional groups of earthworms

(epigeic and anecic) is expected to negatively affect

ecosystem multifunctionality that depends on intact

earthworm communities (Eisenhauer et al. 2012).

However, changes in the composition of earthworm

communities may also be due to changes in environ-

mental conditions associated with deforestation rather

than being caused by interactions between earthworm

species (Marichal et al. 2010). Earthworms are known

to impact nematodes and microorganisms (Lafont

et al. 2007; Blouin et al. 2013), with evident negative

effects on meso- and macrofauna (Eisenhauer 2010;

Ferlian et al. 2018). Earthworms may function as

‘trophic whales’ in soil food webs, sequestering a large

proportion of energy and reducing its propagation to

higher trophic levels (Schwarzmüller et al. 2015;

Potapov et al. 2019).
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Overall, the invasion of earthworms is likely to

accelerate nutrient cycling and to improve plant

growth, but in the long-term may also contribute to

depleting nutrient and carbon stocks in soil (Ferlian

et al. 2020). Further, it may detrimentally affect

biodiversity of understory plants and soil arthropods,

thereby simplifying food-web structure and reducing

ecosystem multifunctionality (Eisenhauer et al. 2019).

The future of earthworm invasion

The high abundance of earthworms in rubber and oil

palm plantations connects our findings from Jambi

province to changing land use at regional scales.

Deforestation in Sumatra, Kalimantan, and other

territories in Indonesia and Malaysia increased during

the last 20–30 years, resulting in a large fraction of the

lowland rainforest in the region being converted into

plantations (Margono et al. 2014). Indonesia today

produces more palm oil than any other country in the

world and is overtaking deforestation rates in Brazil

(Margono et al. 2014; Vijay et al. 2016). Our study was

conducted approximately 30 years after massive land-

use changes in Sumatra, suggesting that this period

allows for drastic changes in earthworm communities

to happen across the landscape. Our results suggest

that the expansion of oil palm plantations will be

followed by earthworm invasions and the spread of

exotic generalists on large spatial scales. Whether this

will result in mitigating or exaggerating effects of the

conversion of rainforest into plantation systems on

ecosystem services remains unclear, but is important

to be investigated and potentially to be controlled.

Notably, earthworms were less abundant in riparian

areas, suggesting that these areas are more resistant to

invasions by peregrine earthworms underlining their

conservation potential.

Overall, the study documents that the conversion of

rainforest into plantation systems facilitates the inva-

sion by peregrine earthworms, with rubber monocul-

ture plantations being most intensively colonized byP.

corethrurus, potentially due to common evolutionary

history of rubber trees and rhinodrilid earthworms.

Facilitation of earthworm invasions in intensively

managed monoculture plantations is likely to benefi-

cially affect plant growth, but may reduce the diversity

of other soil animals and the services they provide

(Barnes et al. 2014; Clough et al. 2016; Potapov et al.

2019). Such negative effects may be mitigated by

increasing habitat structure complexity, e.g. by

increasing the amount of litter and coverage by

understory vegetation (Ashton-Butt et al. 2018;

Potapov et al. 2020). Recent research has shown that

even moderate changes in existing practices of fertil-

ization and weeding may beneficially affect biodiver-

sity and ecosystem processes without reducing

economic profit (Darras et al. 2019; Grass et al.

2020). Such ecologically-friendly approaches are

promising and may allow to take advantage of positive

effects of increased earthworm abundance on plant

growth, while mitigating negative effects on

biodiversity.
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Cameron EK, Vilà M, Cabeza M (2016) Global meta-analysis of

the impacts of terrestrial invertebrate invaders on species,

communities and ecosystems: ecological impacts of ter-

restrial invertebrate invaders. Glob EcolBiogeogr

25:596–606. https://doi.org/10.1111/geb.12436

Clough Y, Krishna VV, Corre MD et al (2016) Land-use choices

follow profitability at the expense of ecological functions

in Indonesian smallholder landscapes. Nat Commun

7:13137. https://doi.org/10.1038/ncomms13137

Corley RHV, Tinker PB (2016) The oil palm, 5th edn. Wiley-

Blackwell, Chichester

Craven D, Thakur MP, Cameron EK et al (2017) The unseen

invaders: introduced earthworms as drivers of change in

plant communities in North American forests (a meta-

analysis). Glob Change Biol 23:1065–1074. https://doi.

org/10.1111/gcb.13446

Darmawan A, Atmowidi T, Manalu W, Suryobroto B (2017)

Land-use change on Mount Gede, Indonesia, reduced

native earthworm populations and diversity. Aust J Zool

65:217. https://doi.org/10.1071/ZO17028

Darras K, Corre MD, Formaglio G et al (2019) Reducing fer-

tilizer and avoiding herbicides in oil palm plantations-

ecological and economic valuations. Front For Glob

Change 2:65. https://doi.org/10.3389/ffgc.2019.00065

Drescher J, Rembold K, Allen K et al (2016) Ecological and

socio-economic functions across tropical land use systems

after rainforest conversion. Philos Trans R Soc B: BiolSci

371:20150275. https://doi.org/10.1098/rstb.2015.0275

Drilobase Project (2020) DriloBASE: World Earthworm Data-

base. http://taxo.drilobase.org. Accessed 4 Sep 2020

Edwards DP, Socolar JB, Mills SC et al (2019) Conservation of

tropical forests in the anthropocene. CurrBiol 29:R1008–

R1020. https://doi.org/10.1016/j.cub.2019.08.026

Eisenhauer N (2010) The action of an animal ecosystem engi-

neer: identification of the main mechanisms of earthworm

impacts on soil microarthropods. Pedobiologia

53:343–352. https://doi.org/10.1016/j.pedobi.2010.04.003

Eisenhauer N, Fisichelli NA, Frelich LE, Reich PB (2012)

Interactive effects of global warming and ‘global worming’

123

Oil palm and rubber expansion facilitates earthworm invasion in Indonesia 2793

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.geoderma.2016.08.010
https://doi.org/10.1016/j.geoderma.2016.08.010
https://doi.org/10.1186/s12862-017-0973-4
https://doi.org/10.1186/s12862-017-0973-4
https://doi.org/10.3389/ffgc.2018.00010
https://doi.org/10.1016/S0305-750X(97)00059-4
https://doi.org/10.1038/ncomms6351
https://doi.org/10.1038/ncomms6351
https://doi.org/10.1098/rspb.2015.2454
https://doi.org/10.1111/ejss.12025
https://doi.org/10.1890/1540-9295(2004)002[0427:NIEAAO]2.0.CO;2
https://doi.org/10.1890/1540-9295(2004)002[0427:NIEAAO]2.0.CO;2
https://doi.org/10.1111/j.1365-2664.2008.01535.x
https://doi.org/10.1111/j.1365-2664.2008.01535.x
https://doi.org/10.1111/geb.12436
https://doi.org/10.1038/ncomms13137
https://doi.org/10.1111/gcb.13446
https://doi.org/10.1111/gcb.13446
https://doi.org/10.1071/ZO17028
https://doi.org/10.3389/ffgc.2019.00065
https://doi.org/10.1098/rstb.2015.0275
http://taxo.drilobase.org
https://doi.org/10.1016/j.cub.2019.08.026
https://doi.org/10.1016/j.pedobi.2010.04.003


on the initial establishment of native and exotic herbaceous

plant species. Oikos 121:1121–1133. https://doi.org/10.

1111/j.1600-0706.2011.19807.x

Eisenhauer N, Ferlian O, Craven D et al (2019) Ecosystem

responses to exotic earthworm invasion in northern North

American forests. RIO 5:e34564. https://doi.org/10.3897/

rio.5.e34564

Ferlian O, Eisenhauer N, Aguirrebengoa M et al (2018) Invasive

earthworms erode soil biodiversity: a meta-analysis. J An-

imEcol 87:162–172. https://doi.org/10.1111/1365-2656.

12746
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