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Abstract

Earthworms represent a crucial taxon in soil ecosystems in terms of biomass and ecological functions. Knowledge of their diversity
is growing, but the understanding of the ecological and evolutionary mechanisms underlying this diversity and its distribution
patterns remains poorly understood. This is partly due to a lack of community data available on a large scale, particularly in the
natural ecosystems of the most diverse tropical regions. Here we describe a large dataset containing records of 3555 georeferenced
earthworm specimens, sampled in 125 one-hectare plots distributed in different habitats and localities across French Guiana. Each
of these specimens was DNA barcoded targeting the cytochrome C Oxidase I subunit barcode region (COI), and these sequences
were clustered into molecular operational taxonomic units (OTUs) that we used as species proxy to describe community taxonomic
composition and diversity. Each community is associated in the dataset with climate and elevation data, and soil properties are also
available for part of them. This dataset represents a unique opportunity for analyzing community diversity and phylogeographic

patterns in neotropical rainforests.
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1. Introduction

Soils are recognised as one of the most biodiverse
terrestrial habitats (Decaéns 2010, Anthony et al. 2023).
Within soil biota, earthworms are ecosystem engineers
whose functional importance is widely acknowledged
(Lavelle et al. 2016). Their bioturbation activities
influence soil structure, water infiltration, organic
matter cycles, and life conditions for other soil species
(Eisenhauer 2010, Capowiez et al. 2024). Paradoxically,
earthworms suffer from a conspicuous lack of knowledge,
which affects both the level of resolution of their
taxonomy and our ability to describe and understand their
community patterns in natural ecosystems, particularly

in tropical regions (Decaéns et al. 2006, Decaéns 2010,
Cameron et al. 2018, Guerra et al. 2020). French Guiana
is a perfect illustration of this situation. Indeed, recent
studies using DNA barcoding have uncovered the
presence of several hundred operational taxonomic units
(OTUs) of specific level, most of them corresponding
to species new to science (Decaéns et al. 2016, 2024),
suggesting that species richness in this region is far
from fully established (Maggia et al. 2021, Goulpeau
et al. 2022). In addition, Maggia et al. (2021) suggested
considerable turnover in the composition of species pools
between different localities or landscapes. Analysing
the organisation of this diversity and its underlying
ecological and evolutionary mechanisms represents
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a major scientific challenge that needs to be addressed
to better understand current patterns and propose an
effective conservation strategy. To do this, we critically
need standardised datasets covering natural ecosystems
at regional geographic scales.

Here, we present and briefly describe a large dataset
which comprises information on the abundance and
composition of 125 earthworm communities sampled
in natural ecosystems distributed in 10 localities over
French Guiana. Earthworm specimens were DNA
barcoded and grouped into operational taxonomic units
(OTUs), which we assume to be species surrogates. Parts
of this dataset have been used in previous work (Decaéns
et al. 2016, Maggia et al. 2021, Goulpeau et al. 2022).
Here, we publish the raw data including the complete list
of specimens collected, their DNA barcodes, as well as
species composition data aggregated at different spatial
scales or levels of sampling hierarchy (i.e. microhabitat,
community, habitat and landscape). Environmental data
are also available for part of the dataset (topography,
climate, soil properties and vegetation composition). This
large dataset combining community data, environmental
data and DNA barcodes provides a unique opportunity
to scrutinize earthworm diversity patterns in neotropical
rainforests from both an ecological and an evolutionary
perspective.

2. Materials and methods

2.1 Study Sites

Earthworms were sampled between 2011 and 2019 in
ten localities distributed over French Guiana (Fig. 1),
an area of 83,846 km? covered by over 95% of tropical
rainforests, which is located in the Amazonian basin
in the eastern Guiana precambrian shield, between the
Oyapock and Maroni rivers. In each locality, we identified
seven to twenty-five one-hectare plots, spaced at least
500 m apart, and representing the main habitat types of
the local landscape. Habitats included plateau forests
(dense rainforest on deep, well-drained soils, sometimes
with superficial laterite crusts), slope forests (rainforest
on slopes and deep soils), lowland forests (periodically
flooded rainforest on hydromorphic soils) and plant
associations specific to inselbergs and other landforms
such as rocky savannas (herbaceous formations dominated
by terrestrial bromeliads), transitional forests and hilltop
forests (low canopy rainforest on shallow soils). In most
cases, habitats were replicated at least three times in each
locality or landscape, giving a total of 125 plots whose
distribution is described in Table 1.

2.2 Earthworm sampling

Sampling was carried out during the rainy season, which
corresponds to the period of maximum earthworm activity.
In each one-hectare plot, earthworms were sampled using
a combination of three methods (Fig. 2; Decaéns et al.,
2016): 1) three blocks of soil, 25 x 25 cm? area and 20 cm
deep, including the litter layer, were sampled at the
corners of a central triangle of 20-m sides and hand sorted
on a plastic sheet; 2) for the larger soil-dwelling species,
an area of 1 m?> was excavated to a minimum depth of
40 cm, selecting where possible an area showing traces
of large earthworms on the soil surface (i.e. large casts);
3) finally, qualitative sampling was carried out on the
one-hectare plot, looking for earthworms in all available
and accessible microhabitats (i.e. decaying trunks, litter
accumulations, streamside sediments, epiphytes, etc.) for
a fixed period of three hours.persons (e.g. one hour for
three people). All life stages (i.e. adults, juveniles and
cocoons) were collected, and specimens collected using
each method and in each type of microhabitat were fixed
separately in 100 % ethanol. The ethanol was changed in
each tube after a period of 24 h to ensure good fixation.

2.3 DNA barcoding and OTU delimitation

For each sample (i.e. individuals collected with a given
method in a given microhabitat and plot), earthworms
were first sorted according to external morphological
features (characteristics of the clitellum when adult, size
and pigmentation), and for each morpho-group obtained,
up to 5 individuals per sample were DNA barcoded
targeting the barcode region of the Cytochrome C
Oxidase 1 gene (COI). The complete procedure of DNA
barcoding has been described in Goulpeau et al. (2022). A
proportion of 75.2 % of samples were Sanger processed at
the Centre for Biodiversity Genomics (Guelph, Canada)
using standard protocols of the International Barcode of
Life with a cocktail combining the M 13 tail primer pairs
LCO1490/HCO2198 (Folmer et al. 1994) and LepF1/
LepR1 (Hebert et al. 2004), and failure tracking with the
internal primers MLepR1/MLepF1 and LCO/HCO pairs
(Hajibabaei et al. 2006). The remaining 24.8 % sequences
were obtained on MiSeq at the Laboratoire d’Ecologie
Alpine (Grenoble, France) using the LCO1490/HCO2198
primer pair (Folmer et al. 1994) combined with a label
on the 5’ side to allow further sample identification.
Bioinformatic analysis was done with OBITools (Boyer
et al. 2016; www.grenoble.prabi.fr/trac/OBITools). All
sequences are available in the BOLD dataset ‘Earthworms
from French Guiana - 2023 update’ (DS-EWFG2023; doi.
org/10.5883/DS-EWFG2023).
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Figure 1. Location of the ten sampling localities in French Guiana.

Table 1. List of the sampling localities or landscapes, average latitudinal and longitudinal coordinates, and number of one-hectare plots

sampled per habitat in each of them.

Locality / landscape Latitude Longitude  Lowland forests f?)i-(:el;fs 1;1;?::: Ill::;lilt’::sg vfl? il;zs:;;l)(lils
Laussat 5.48117 -53.5762 2 - 2 - 3
Paracou 5.25833 -52.9346 3 4 3 - -

Trinité 4.61871 -53.4081 3 2 3 2 -
Kaw 4.54064 -52.2152 - 2 7 - -
Inselberg 4.08133 -52.6731 2 10 8 5 -
Pararé 4.02832 -52.6778 4 3 5 - -
Galbao 3.60403 -53.268 2 4 2 3 -
Saiil 3.5587 -53.2222 4 4 4 - -
Itoupé 3.02696 -53.079 - 4 7 - -
Mitaraka 2.243 -54.465 3 3 4 8 -

Sequences were further clustered into molecular
operational taxonomic units (OTUs) using the Assemble
Species by Automatic Partitioning (ASAP) method
(Puillandre et al. 2021), which is the most suitable
both for our study model and for the size of the dataset
(Goulpeau et al. 2022). This was done using the ASAP
web interface (https:/bioinfo.mnhn.fr/abi/public/asap). It
is worth mentioning that OTUs delimitations obtained for
two localities (Nouragues and Mitaraka) were confronted
to morphological characters, which broadly supported
molecular delimitations (Decaéns et al. 2016), providing
a strong argument for considering OTUs as relevant

species proxies in further diversity analyses. Sequences
were aligned with MUSCLE (Edgar 2004) on MEGAT11
(Tamura et al. 2021). Further distance analyses were
performed using a Neighbor-Joining algorithm (Saitou
& Nei 1987) with the Kimura-2 parameter (K2p) model
(Kimura 1980) to estimate genetic distances. The K2p
model was chosen to allow a consistent comparison with
most barcoding studies where this model is defined by
default. The robustness of the nodes was assessed by a
bootstrap re-analysis of 500 pseudo-replicates, and the
Neighbor-Joining tree was drawn using the iTOL v6
online utility (Letunic & Bork 2007).

SOIL ORGANISMS 96 (2) 2024
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2.4 Descriptive statistics

We first described the dataset to highlight the proportion
of individuals that were sampled depending on life stage,
sampling method, habitat and microhabitat. The same
was done for OTU composition using venn diagrams
to show the proportion of shared and unique species
according to different discriminating criteria. This was
done using the ‘euler’ function in the ‘eulerr’ package for
R (Larsson 2024, R Core Team 2023).

We then described our dataset through a hierarchy of
nested spatial scales or sampling hierarchy levels (Fig. 2):
1) at the microhabitat scale, we considered the
earthworms sampled in the different microhabitats in a
given plot; 2) at the community scale, we grouped the
specimens collected from the various microhabitats
within a given plot; 3) the habitat scale refers to
specimens collected in different plots of the same habitat

type (i.e. plateau, slope and lowland forest, and inselberg
habitats) within a given locality; 4) the landscape scale,
groups together the data from all the plots sampled in
the various habitats of the same locality; 5) the regional
scale, corresponds to the spatial extent covered by the
entire dataset.

Alpha diversity refers to species richness (or
compositional diversity, sensu Whittaker 1972) at each
previously defined spatial scale. Regional or gamma
diversity refers to the total number of OTUs within
the dataset. We used rarefaction / extrapolation curves
showing how OTUs accumulate as a function of sampling
effort (intrapolation) and extrapolating the shape of the
curve to a hypothetical dataset where the sampling effort
would have been multiplied by two (extrapolation).
Sampling effort was expressed as the number of sampled
landscapes at the regional scale, and as the number
of sampled communities at the landscape scale. For

Regional scale

Habitat scale:

- PE= slope forests
- PL= plateau forests
- BF= lowland forests

Camp ap|

Landscape scale (e.g. Saiil locality)

Community scale

| 1 hectare plot

o
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= Ep— Sanger @ 25x25 cm? 20cmdepth 5 &
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Figure 2. Framework of sample design of French Guiana earthworm with a summary of the resulting dataset: ‘Sequences’ tab contains
the fasta sequences of DNA barcodes for all the sampled specimens (i.e. vouchers); ‘Specimen list” contains OTU assignations, life stages
and collecting data for all the specimens; ‘Sampling hierarchy’ contains the assignation of each sample to a hierarchy of spatial scales or
sampling hierarchy levels, i.e. microhabitats (Micro.), communities (Comm.), habitats (Hab.) and landscapes (Land.); ‘Community tab’
contains the number of specimens sampled for each OTU in each sample, with 7, the number of specimens of OTU i collected in sample
J> ‘Environment tab’ contains the environmental data at the community scale, with var,, the value taken by environmental variable e in

community k. ASAP = Assemble Species by Automatic Partitioning.
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each community, we also calculated sample coverage,
which corresponds to the proportion of the community
that is represented by the set of species collected
in a given sample. Rarefaction curves and sample
coverage calculations were done using the ‘INEXT’
package for R (Hsieh et al. 2019).

For beta diversity, we calculated the Serensen’s index
of compositional dissimilarity among all possible pairs
of communities: B = (b+c)o/ 2a + b + c), where a
represents the number of species common to both
communities, and b and ¢ the number of species unique
to the first and second community, respectively. We then

partitioned beta diversity to highlight compositional
dissimilarity among communities within the same
habitat and landscape (beta A), among communities
of different habitats in the same landscape (beta B),
and among communities from different landscapes
(beta C). This was done using the ‘beta.pair’ function
of the ‘betapart’ package for R (Baselga et al. 2018).
We also constructed a community network, which
visualizes the compositional proximity between

communities using the Serensen similarity index, using
the ‘ggnet2’ function in the ‘GGally’ package for R
(Schloerke et al. 2024).

Figure 3. Neighbor-joining of the 3555 COI sequences clustered into 256 OTUs. Each OTU is represented by a triangle. Singletons, i.e.
OTUs represented by a single specimen in the dataset, are represented in red.
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2.5 Dataset availability statement

The complete list of specimens, associated metadata,
COI sequences and GenBank accession numbers are
available in the Barcode of Life Data system (BOLD)
dataset ‘Earthworms from French Guiana - 2023 update’
(DS-EWFG2023; doi.org/10.5883/DS-EWFG2023), and
the complete list of specimens, the community table and
the environmental data are also deposited on the Zenodo
repository (doi.org/10.5281/zenodo.10908657).

2.6 Dataset description

The dataset is organised into five tabs containing different
layers of information (Fig. 2). The ‘Sequences’ tab contains

the fasta-formated COI barcodes for the 3555 earthworm
specimens collected in French Guiana. The delineation
by the ASAP software grouped these sequences into 256
OTUs (Fig. 3) that were further used as species proxy in
the other tabs of the dataset. ‘Specimen list’ tab contains
3555 lines, one for each sequence, and gives, for each of
them, taxonomic assignment, life stage and collecting
data. In both the ‘Sequences’ and ‘Specimen list’ tabs,
samples are identified by their Sample ID and Process-
ID in BOLD. ‘Community’ tab contains 255 lines, each
line representing a sample, i.e. the earthworm specimens
collected by hand-sorting a given standardised soil
block or by qualitative sampling of a given microhabitat
in a given community. For each sample, the first four
columns give its assignment to the modalities of each
nested spatial or scale hierarchy sampling level (i.e.

A

100

84.6%

%

15.4%

L

Qs HS
Sampling protocol

C

50
4o 39.9%
31.4%
30-
X
20 18.3%
101 8.1%
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0_
PF SF LF IH WS
Habitat

B
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67.6%
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X 40
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Figure 4. Histograms showing the proportion of sampled earthworms according to different criteria: A) Sampling protocol, with QS
= qualitative sampling, HS = hand sorting of standardised soil blocks; (B) Life stage, with A = adults, J = juveniles, C = cocoons, F =
unidentified fragments; (C) Habitat, with PF = plateau forests, SF = slope forests, LF = lowland forests, IH = inselberg habitats, WS =
forests on white sands; (D) Microhabitat, with DT = decaying trunks, SO = soil, EP = epiphytic soils, SE = riverside sediments.
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microhabitat, community, habitat and landscape). The
following 256 columns contain the number of earthworm
individuals collected for each OTU in each sample.
The ‘Species list” tab provides the available taxonomic
information for the 256 OTUs. Finally, the ‘Environment
tab’ gives the geolocalisation, altitude and topographical
position, and mean annual precipitation for all the
sampled communities, and describes, for a subset of 36
communities, the soil physico-chemical properties.
Among the 256 OTUs, 21.5% are singletons (Fig. 3),
which is in the range of what has been described in
previous earthworm studies in French Guiana (Decaéns
et al. 2016, Maggia et al. 2021). With over 84.6% of the
sampled specimens (Fig. 4A), the qualitative sampling
approach allowed for the collection of 239 OTUs, 148 of
them being found only with this method. Comparatively,
hand sorting of standardised soil blocks alone only
yielded 108 OTUs, among which 17 were only found with
this method (Fig. 5A). This highlights the importance

of combining hand sorting with qualitative sampling
in studies aimed at carrying out diversity inventories,
especially in forest ecosystems, as already discussed
by Bartz et al. (2014) and Maggia et al. (2021). Overall
specimens were in majority juveniles (67.6 %), whereas
clitellate adults only represented 26.2% (Fig. 4B). As
a consequence, 117 OTUs out of 256 (i.e. 45.7% of
regional diversity) were only represented by immature
specimens or fragments not identifiable from their
morphology alone (Fig. 5B). This is a clear illustration of
the usefulness of DNA barcoding in earthworm studies,
as this approach allows assigning any specimens to its
corresponding OTU or species (Richard et al. 2010,
Decaéns et al. 2013). Specimens were mostly found in
plateau (39.9%), slope (31.4%) and lowland (18.3%)
forests (Fig. 4C), and in soil (42.2%) and decaying logs
(51.1%) (Fig. 4D). Altogether, 151 OTUs are specific to a
single habitat (Fig. 5C). In line with the results of previous
studies (Decaéns et al. 2016, Maggia et al. 2021), most

A

B

Figure 5. Venn diagrams representing the numbers of unique and shared OTUs for according to different criteria: (A) Sampling protocol,
with QS = qualitative sampling, HS = hand sorting of standardised soil blocks; (B) Life stage, with A = adults, O = others (i.e. juveniles,

cocoons and fragments); (C) Habitat, with LF = lowland forests, PF =

plateau forests, SF = slope forests, O = others (i.e. inselberg habitats

and forests on white sands); (D) Microhabitat, with DT = decaying trunks, SO = soil, O = others (i.e. riverside sediments and epiphytic
soils). Note that in Figure 5C, the representation does not show 10 OTUs shared by the 4 habitats, 9 OTUs shared by PF, SF and O, 2 OTUs

shared by LF, PF and O, and 1 OTU shared by PF and O.
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of the diversity recovered in our study was in the soil
with 170 OTUs, or in decaying trunks with 148 OTUs,
including 75 OTUs found in both types of microhabitats
(Fig. 5D).

Figure 6 illustrates the main patterns of alpha
diversity across the hierarchy of spatial scales. At a
regional scale, the rarefaction curve of OTU number
as a function of the number of landscapes sampled
(Fig. 6A) clearly shows that we are far from sampling
completion at this scale. As a consequence, the 256
OTUs observed in our dataset probably represent only a
small fraction of the real regional diversity. This under-
sampling also applies, albeit to a lesser extent, at the
landscape level (Fig. 6B). The average number of OTUs

observed at the landscape scale is 33.2 (Fig. 6C), with
significant differences observed from one landscape to
another (Fig. 6B). The most diverse landscapes are at
Pararé and Saiil, both of which are characterised by a
relatively low-lying topographical position compared
with most of the other more hilly landscapes. This may
be the result of an overall wetter environment in these
landscapes, or in vegetation composition resulting in
different litter quality depending on topographical
position. Despite a similar topographical position,
Laussat has the lowest diversity at landscape level,
probably due to the predominance of forests on white
sands, which likely represent adverse environmental
conditions for earthworms (Fig. 6B). At finer scales,
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Figure 6. Patterns of earthworm alpha diversity at different spatial scales in rainforests of French Guiana: (A) Rarefaction curve showing
how the number of OTUs observed at a regional scale increases as a function of the number of sampled landscapes; the solid line represents
the rarefaction curve; the shaded area represents the 95 % confidence interval based on a bootstrap with 200 replications; (B) Rarefaction
curves showing how the number of OTUs observed at the landscape scale increases as a function of the number of sampled communities;
confidence intervals were not represented to keep the figure legible; (C) Alpha diversity at the different spatial scales, with Microhab =
microhabitat, Com = community, Hab = habitat and Land = landscape level); (D) Sample coverage at the community scale.
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we observed on average 15.9 OTUs at the habitat scale,
7.0 OTUs at the community scale and 3.9 OTUs at the
microhabitats scale (Fig. 6C). Local sampling effort is
satisfactory overall, as shown by the sampling coverage
which is higher than 80% for 89.6% of the sampled
communities (Fig. 6D). This means that our sampling
was globally efficient to sample the most representative
species at the community level, thus validating the
relevance of the dataset for more in-depth community
ecology analyses.

Figure 7 presents the main patterns of composition
dissimilarity (beta diversity) across the hierarchy of
spatial scales. The community network shows that
communities are globally dissimilar in their OTU
composition, and that they are more similar when

geographically closer, whether within the same landscape
or between very close landscapes (e.g. between Inselberg
and Pararé) (Fig. 7A). This suggests a high beta diversity
among communities, as already discussed by Maggia et
al. (2021). This is confirmed by the occurrence histogram
which shows that the vast majority of OTUs (i.e. 94.5 %)
were observed in strictly less than two localities (Fig.
7B). The analysis of Serensen beta diversity between
pairs of communities across the hierarchy of sampling
levels shows that compositional dissimilarity is the lowest
between communities sampled in the same habitats
(beta A), then significantly increases for communities
sampled in different habitats (beta B), and is the highest
for communities belonging to different landscapes (beta
C) (Fig. 7C). This suggests that both geographic distance
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o Kaw 5 150
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Figure 7. Patterns of earthworm beta diversity at different spatial scales in rainforests of French Guiana: (A) Community network; line
thickness is proportional to the Serensen similitude between pairs of communities; (B) Occurrence histogram showing the number of
OTUs per occurrence class (i.e. number of landscapes in which each OTU was observed); blue line represents the exponential decay
regression curve; (C) Serensen’s beta diversity between pairs of earthworm communities partitioned into different levels, with beta A
= beta diversity between communities within the same habitat and landscape, beta B = beta diversity between communities of different
habitats in the same landscape, beta C = beta diversity between communities from different landscapes.
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and environmental dissimilarity could be important
drivers of community species composition.

Our dataset comprises a highnumber of OTUs or species
and a substantial number of georeferenced communities
at a regional scale, rendering it a relevant dataset for
an in-depth study of earthworm diversity in tropical
rainforests of French Guiana. Such a dataset represents
a unique opportunity for analysing the distribution of
diversity across various geographic scales and to elucidate
the intricate interplay among dispersal limitation,
biotic interactions, and environmental filtering in the
community assembly process. DNA barcodes also enable
phylogeographic and population genetics approaches to
shed light on historical events that may have influenced
species biogeographical history and the distribution
of species diversity in the study area. Furthermore,
adopting an evolutionary perspective in studying
diversification dynamics could provide complementary
insights to phylogeographic approaches, enhancing our
understanding of earthworm diversification mechanisms
in Neotropical rainforests. In the near future, morpho-
anatomical analysis of the various OTUs will enable each
of them to be described using a range of functional traits.
This information will complement that already included
in the dataset describing the ecological preferences of
OTUs (with respect to habitats and microhabitats), and
will enable further trait-based approaches to be carried-
out. The dataset published here will also be available for
inclusion in more extensive data syntheses at the scale of
the Neotropics or even more globally.

3. Online supplementary material

Goulpeau et al dataset.xlsx
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(APEGE 2013 call). This research is a product of the
"FaunaServices" group funded by the French Foundation
for Research on Biodiversity (FRB) through its synthesis
center CESAB in France, and by FAPESP/CNPq
in Brasil.
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