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Abstract
Robust data to refute or support claims of global insect decline are currently lacking, particularly for the soil fauna in the tropics.
DNA metabarcoding represents a powerful approach for rigorous spatial and temporal monitoring of the taxonomically challenging
soil fauna. Here, we provide a detailed field protocol, which was successfully applied in Barro Colorado Island (BCI) in Panama, to
collect soil samples and arthropods in a tropical rainforest, to be later processed with metabarcoding. We also estimate the proportion
of soil/litter ant, springtail and termite species from the local fauna that can be detected by metabarcoding samples obtained either
from Berlese-Tullgren (soil samples), Malaise or light traps. Each collecting method detected a rather distinct fauna. Soil and Malaise
trap samples detected 213 species (73%) of all target species. Malaise trap samples detected many ant species, whereas soil samples
were more efficient at detecting springtail and termite species. With respect to long-term monitoring of soil-dwelling and common
species (more amenable to statistical trends), the best combination of two methods were soil and light trap samples, detecting 94%
of the total of common species. A protocol including 100 soil, 40 Malaise and 80 light trap samples annually processed by metabarcoding would allow the long-term monitoring of at least 11%, 18% and 16% of species of soil/litter ants, springtails and termites,
respectively, present on BCI, and a high proportion of the total abundance (up to 80% of all individuals) represented by these taxa.
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Introduction
Arthropods represent the majority of macroscopic terrestrial animal life, both in terms of species richness (Stork
2018) and biomass (Pimentel and Andow 1984), particularly in the tropics (Basset et al. 2012). They also provide critical services, including ecosystem functioning
and human food security. Despite their ecological and
economic importance, arthropods are still comparatively
neglected as a primary focus of scientific research, limiting our understanding of the functional ecology of ecosystems (Basset et al. 2019). Alarmingly, recent reports
suggest catastrophic declines in current insect abundance,
with potentially serious implications for ecosystem functioning. This includes declines in the richness of insect
species in temperate countries (Sánchez-Bayo and Wyckhuys 2019), insect biomass in Germany and Puerto Rico
(Hallmann et al. 2017; Lister and Garcia 2018), butterflies and moths in the United Kingdom (McDermott Long
et al. 2017), or insect pollinators worldwide (Goulson et
al. 2015). Although some of these articles have attracted
considerable attention in the media (often with dramatic
epithets such as “Insect Armageddon”), they have also
been criticized for lack of scientific rigor (Leather 2017;
Didham et al. 2020). What is clear is that we currently
lack robust data to refute or support claims of global insect decline, particularly in the tropics (Basset and Lamarre 2019; Crossley et al. 2020; van Klink et al. 2020;
Wagner 2020), not to mention scenarios of how insect
populations will be affected by anthropogenic changes in
the future (Lamarre et al. 2020).
In the tropics, especially in tropical rainforests, arthropods may face significant threats due to habitat loss
(Wagner 2020), as well as climate change (Deutsch et
al. 2008). High quality data on the population dynamics
of tropical insects are urgently needed to understand the
implications of insect decline (Basset and Lamarre 2019;
Crossley et al. 2020; Wagner 2020). This appears even
more important for the soil fauna in the tropics, which
remains poorly surveyed, known and understood (André
et al. 2002). For example, out of the 17 insect monitoring
studies performed in the tropics with time-series > 5 years
reviewed by Basset and Lamarre (2019), only one study
targeted the soil fauna (litter ants: Donoso 2017). To the
best of our knowledge, no long-term monitoring program
is currently focused on the soil fauna in the tropics.
DNA metabarcoding (Shendure and Ji 2008; hereafter “metabarcoding”) represents a powerful approach for
the screening of numerous environmental samples rich in
species and for rigorous spatial and temporal monitoring
(Leray and Knowlton 2015; Tang et al. 2015; Beng et al.
2016). In recent years, metabarcoding has proven useful for comparing local soil communities (Arribas et al.
2016, Oliverio et al. 2018), including in tropical rainforests (Zinger et al. 2019).
A rare effort to monitor arthropods in tropical rainforests in the long term is epitomized by the ForestGEO
Arthropod Initiative in Panama (Lamarre et al. 2020).
Arthropod surveys are performed within permanent forhttps://mbmg.pensoft.net
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est dynamics plots monitored by the Forest Global Earth
Observatories (ForestGEO; http://www.forestgeo.si.edu/;
Anderson-Teixeira et al. 2015). In Panama, the ForestGEO
Arthropod Initiative has been monitoring several focal
taxa on Barro Colorado Island (BCI) since 2009, including important soil taxa such as ants and termites, as well as
some species whose larvae are developing in the soil (Lamarre et al. 2020). A recent study on BCI compared 100
pairwise soil samples either sorted with traditional taxonomy or processed with metabarcoding, considering ants,
termites and springtails extracted with Berlese-Tullgren
(Bano and Roy 2016) as target taxa (Basset et al. 2020, in
prep.). These three taxa represent an important proportion
of animal biomass in the soil of tropical rainforests. They
also play critical roles in the maintenance and regeneration of the forest, including soil turnover, nutrient cycling
and decomposition, plant protection and seed dispersal
(Hopkin 1997; Abe et al. 2000; Lach et al. 2010).
The BCI study indicated that (a) a positive correlation
existed between the abundance of all species in taxonomic samples and their occurrence in metabarcoding samples. (b) Seasonal shifts in species occurrence and changes in faunal composition between the dry and wet seasons
were correlated between taxonomic and metabarcoding
samples. (c) False positive and negative species (i.e., species identified positively in the samples but unlikely to be
present or species not occurring in the samples but likely to be present) represented a low proportion of species
surveyed overall, owing in part to the availability of good
reference libraries. These results indicated that metabarcoding could be used for the long-term monitoring of soil
arthropods in tropical rainforests (Basset et al. in prep.).
However, some challenges emerged. In particular, ant
species were not well detected by metabarcoding as compared to samples sorted by traditional taxonomy, as well
as compared to the local ant fauna known to inhabit BCI
(37% of ant species not detected: Basset et al. in prep.).
It is well-known to entomologists that a range of different methods and traps are needed to provide sound estimates of arthropod diversity in tropical rainforests (Basset et al. 2012). Of interest in this context are the methods,
such as Malaise or light traps, able to collect alates of social insects nesting in soil (ants, termites) during dispersal events. Since DNA barcoding can match up different
castes within species of social insects (workers, soldiers,
alates; Smith et al. 2015), metabarcoding data obtained
from Malaise or light traps may also conveniently complement metabarcoding data obtained from soil samples.
The aims of this contribution are twofold. First, we
provide a detailed field protocol to collect soil samples
and arthropods in a tropical rainforest, to be later processed with metabarcoding. Field protocols to collect
soil arthropods and assess soil quality exist (e.g., Römbke et al. 2006), but they are not adapted to processing
samples with metabarcoding. Studies targeting the soil
fauna and using metabarcoding are typically not adapted
to sampling in tropical rainforests, do not provide recommendations for spatial replication, or provide insufficient
details about actual sampling and sample handling in the
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field (e.g., Arribas et al. 2016; Saitoh et al. 2016; Oliverio
et al. 2018; Zinger et al. 2019). In particular, Arribas et
al. (2016) advocated using a flotation method, followed
by extraction with Berlese-Tullgren apparatus. It is well
known that flotation yields low capture rates, is biased
against macrofaunal specimens that are less likely to
survive the flotation procedure (Macfayden 1953; Southwood and Henderson 2000) and is rather tedious as it involves several filtration procedures (Arribas et al. 2016).
In addition, the volume of soil surveyed by flotation is
rather small (5 liters in Arribas et al. 2016 against 200
liters in this study, see methods). We therefore hope that
details about our protocol will stimulate and guide further
studies initiating long-term monitoring of the soil fauna
in the tropics. In this article we do not discuss the laboratory protocols related to metabarcoding.
Second, we explore the detectability of soil/litter ants
(Formicidae), springtails (Collembola) and termites
(Isoptera) with metabarcoding and high-throughput techniques. Specifically, we take advantage of two surveys,
performed on BCI and processed with metabarcoding or
high-throughput barcoding, to estimate the proportion of
soil/litter ant, springtail and termite species from the local
fauna that can be detected by metabarcoding or barcoding samples obtained either from Berlese-Tullgren, Malaise or light trap. We then estimate whether each method
provides a complementary survey of the local BCI fauna,
with respect to the species richness and faunal composition of samples processed by metabarcoding. Eventually,
we discuss whether these data can help us to recommend
a field protocol with metabarcoding that can detect an adequate number of soil/litter ant, springtail or termite species in this tropical rainforest. In this context, we answer
the question “can the soil protocol with Berlese-Tullgren
extraction be significantly improved regarding the detectability of focal species by appending one or two additional field protocols, such as Malaise or light traps?”

Material and methods
Study site
Our study was performed on Barro Colorado Island (BCI;
9.15°N, 79.85°W; 120–160 m asl) in Panama. BCI receives an average annual rainfall of 2,662 mm, with an
annual average daily maximum and minimum air temperatures of 31.0 °C and 23.6 °C, respectively (http://
biogeodb.stri.si.edu/physical_monitoring/research/barrocolorado). The 1,542 ha Barro Colorado Island is covered with lowland tropical forest and was created around
1910, when the Chagres River was dammed to fill the
Panama Canal. All samples were obtained from the 50 ha
ForestGEO vegetation dynamics plot (or nearby), which
is described in Anderson‐Teixeira et al. (2015). We surveyed ten locations (500 m sections of trails) inside or
near the plot that are used for long-term arthropod monitoring as described in Basset et al. (2013, 2020: Fig. 1,
Suppl. material 1: Table S1).
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Soil samples
The protocol for obtaining soil samples that were processed with metabarcoding is detailed in Suppl. material 1: Appendix S1 (also published at protocols.io, https://
doi.org/10.17504/protocols.io.bj9gkr3w). We provide a
summary here, which also included comparing samples
processed by traditional taxonomy and samples processed
with metabarcoding. Each location was divided into ten
sub-locations. For each of the ten locations, we randomly
selected five sub-locations. At each sub-location, we took
two paired samples 10 cm distant from each other. From
this random sampling, we obtained 50 paired soil samples in March 2017, during the dry season. We repeated
this sampling protocol in December 2017, during the wet
season, and obtained 100 paired soil samples for the two
seasons. Paired samples were 50–450 m from each other and were distributed over an area of ca. 60 ha. Each
sample consisted of a scoop of soil and litter calibrated
to 2 liters, from which the fauna was then extracted with
Berlese-Tullgren apparatus (André et al. 2002; Bano and
Roy 2016) for 72 hours (see details in Suppl. material
1: Appendix S1). Details of geographic coordinates and
other characteristics of the samples may be consulted in
Basset et al. (2020: Suppl. material 1: Table S1).
Each pair of samples consisted of two categories:
“taxonomic samples”, from which the soil fauna was
extracted and sorted manually according to morphology
and “metabarcoding samples” which were analyzed using
DNA metabarcoding. Ants, springtails and termites were
identified via morphological and molecular data, as detailed in Basset et al. (2020). Briefly, this included (1) the
use of reference collections from the ForestGEO Arthropod Initiative at the Smithsonian Tropical Research Institute (ants and soldier termites) and from the Laboratorio
de Ecología y Sistemática de Microartrópodos at the Universidad Nacional Autónoma de México (UNAM, Mexico; springtails); (2) expert opinion; and (3) sequencing
the standard DNA barcode region of the gene cytochrome
c oxidase subunit I (COI) for a subset of the specimens
collected from taxonomic samples. DNA barcoding using
Sanger sequencing was conducted at the Centre for Biodiversity Genomics, University of Guelph, using methods described in deWaard et al. (2019a; http://ccdb.ca/
resources/). When possible, we sequenced a maximum of
five individuals per species or morphospecies (hereafter
species). Molecular data were used to confirm identifications based on morphology. Each species was attributed
a Barcode Index Number (BIN) according to the Barcode
of Life Data System (BOLD; http://www.barcodinglife.
org/index.php), which can be used as a proxy taxonomic
unit in absence of binomial identification (Ratnasingham
and Hebert 2013). In total, we obtained 324 sequences
of 171 ants, 114 springtails and 43 termites, which were
deposited in existing projects BCIFO, BCICL and BCIIS
of BOLD, respectively. A complete list of species of ants,
springtails and termites and their BINs recorded in taxonomic samples is detailed in Basset et al. (2020), as well
as a discussion about the spatial distribution of species.
https://mbmg.pensoft.net
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Half of the 200 paired samples were processed with metabarcoding at the Biodiversity Institute of Ontario (see
laboratory protocols, below).

Fresh 95% ethanol was added, and samples were stored at
-20 °C until shipped to the Biodiversity Institute of Ontario for metabarcoding (see laboratory protocols, below).

Malaise trap samples

Other protocols

As part of the Global Malaise trap program (Perez et al.
2017; https://biodiversitygenomics.net/projects/gmp/), a
single Malaise trap (Townes 1972) was located near Drayton trail and run weekly for one year from 17 May 2014 to
2 May 2015 (coordinates 09°09’035”N, 79°50’49.6”W,
elevation 162 m). Weekly samples were preserved in 95%
ethanol and stored at -20 °C. At the end of the collecting period, all bulk samples were shipped to the Centre
for Biodiversity Genomics for DNA barcoding. Samples
were processed through a high-throughput single molecule, real-time (SMRT) sequencing pipeline implemented
on the SEQUEL platform (Hebert et al. 2018). Analysis
utilized the same BIN system as indicated above. Out of
the 52 weeks (samples) collected, only samples from alternate weeks (n=26) were analyzed. Further, 17 out of
these 26 samples included large quantities of springtails
(i.e., 1.25 to 41.4 g wet weight). Only subsets of these
17 samples were analyzed for springtails. All Collembola
data were uploaded to BOLD and are accessible in the
public dataset DS-COLLMAL (650 specimens, 608 sequences, 28 BINs). Specimens were deposited at the Centre for Biodiversity Genomics. Detailed protocols and examples of studies with the Global Malaise Program may
be consulted in, e.g., Geiger et al. (2016), Ashfaq et al.
(2018) and deWaard et al. (2019b).

As part of the ForestGEO Arthropod Initiative, we used
other protocols during 2009–2019 to collect specimens
of workers and alates of ants and termites, which were
identified and deposited in the collections of the ForestGEO Arthropod Initiative. Parts of these specimens were
sequenced at the Biodiversity Institute of Ontario and sequences deposited in BOLD projects BCIFO and BCIIS.
Briefly, these protocols included (1) Winkler samples targeting ant workers (Agosti et al. 2000); (2) termite transects targeting termite workers and soldiers (Roisin and
Leponce 2004); (3) light traps targeting alates of ants and
termites, as described previously; and (4) Malaise traps
targeting alates of ants and termites. In the latter case,
10 traps similar to the one described before were set in
the South-East corner of the BCI ForestGEO plot. Traps
were located at least 200 meters from each other (Barrios
and Lagos 2016). They were surveyed weekly from 2002
to 2017, but alates were only sorted from samples covering two weeks of the dry and wet season of each year.
In brief, reference collections and DNA barcode libraries
were good for ants and termites, owing to the material
accumulated over the years and early taxonomical knowledge (e.g., Wheeler 1925; Snyder 1926), whereas springtails were only collected and sequenced from soil samples
obtained in this study.

Light trap samples

Laboratory protocols and bioinformatics

Ten light traps were emplaced in the middle of each trail
section where we obtained the previous soil samples.
These 10W black light traps of the bucket-type model
are described in Lucas et al. (2016). Traps were switched
on during the new moon with a timer at 18:00 hours and
ran all night long until ca 06:00 hours. One survey consisted of running a trap at each of the ten locations for
two non-consecutive nights, yielding 20 night-samples.
Over the course of a year, we performed four surveys in
March, May, September and December, yielding a total
of 80 night-samples. These traps were run during the period 2009–2019. Target taxa were sorted and deposited
in the collections of the ForestGEO Arthropod Initiative.
In May 2019, we concurrently ran an additional 10 similar traps that were modified to collect arthropod material
in 95% ethanol during two non-consecutive nights. In this
case we used laboratory gloves and disinfected all traps
tools and recipients with commercial bleach (Clorox de
Centroamérica; hypoclorite of sodium 3.5%, hydroxide of
sodium 0.3%), after which sampling gear was rinsed with
distillated water, to clean bleach residues. Each of the 20
samples obtained was reduced to a volume of 100 ml by
plucking one leg of each specimen > 1.5 cm, returning
the leg to the sample and discarding the rest of the body.
Whole bodies of smaller arthropods were left untouched.

Detailed laboratory procedures for the soil samples, performed at the Hajibabaei laboratory at the University of
Guelph, are indicated elsewhere (Basset et al. in prep.).
Briefly, this included extraction of genomic DNA using
a DNeasy PowerSoil Kit (Qiagen: Toronto, ON, Canada)
according to protocol, and amplification of isolated DNA
through a two-stage PCR (Polymerase Chain Reaction)
for two amplicons from the DNA barcode region of the
COI gene, BR5 and F230R (Folmer 1994; Hajibabaei et
al. 2012; Gibson et al. 2014, 2015). The a DNeasy PowerSoil Kit was used because after extraction from Berlese,
arthropod specimens were still mixed with small quantities of soil. A second round of PCR with primers was
run under the same conditions, using the purified product
from the first round of PCR as template. Purified second
round PCR product was sequenced on an Illumina MiSeq using the v3 MiSeq sequencing kit. The resulting sequence reads were uploaded into the project MBR-BCISOIL of the online platform mBrave (“Multiplex Barcode
Research and Visualization Environment”, http://www.
mbrave.net/; Ratnasingham 2019), for analyzing metabarcoding data and taxonomic assignment. PCR failed
for 5 soil samples, hence we report only results for 95
samples. We considered the reference libraries and applied analytical parameters as indicated in Suppl. mate-
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rial 1: Table S1. Reference libraries included a mix of
mBrave system reference libraries, along with tailored
datasets obtained from surveys of the ForestGEO Arthropod Initiative on BCI (Suppl. material 1: Table S1).
Laboratory procedures for samples resulting from the
Global Malaise Program were performed at the Canadian Centre for DNA Barcoding and are detailed in Ashfaq et al. (2018), Hebert et al. (2018) and deWaard et al.
(2019b). Briefly this included PCR amplification with
primers C_LepFolF and C_LepFolR (http://ccdb.ca/resources/), sequencing with an ABI 3730XL and analyses
with the BOLD platform (Suppl. material 1: Table S1).
For light trap samples, laboratory analyses were similar to
those for soil samples, with the following differences. The
DNA extracts were used to amplify a 462 bp fragment of
the COI barcode region using insect primers AncientLepF3/C_LepFolR. Sequencing was performed on an Ion
Torrent S5 high-throughput sequencer. The resulting sequence reads were analyzed using the platform mBrave
with analytical parameters and reference libraries as indicated in Suppl. material 1: Table S1. Thus, for an objective
comparison among sampling methods, we considered for
all samples the detected BINs of species or morphospecies from our reference libraries. We do not discuss here
the unknown species that currently lack BINs, but which
may also have been detected by metabarcoding.
Statistical analyses
For the purpose of long-term monitoring, common species (as opposed to rare species) are most likely to be
amenable to statistical analysis (Basset et al. 2013).
Hence, we analyzed all the species but focused our results on the most common species. They were defined as
being detected in at least 10 samples for one of the three
collecting methods.
In other terms, for a particular method and species, the
probability to detect at least one specimen at each of the
locations should be p=1.0.
Information about nesting sites and the commonness of
each species are indicated in Suppl. material 2: Appendix S2.
To visualize the number of species of ants, springtails
and termites detected with the three collecting methods,
we used area-proportional Venn diagrams (i.e., Euler diagrams) drawn with the R package ‘eulerr’ (Larsson 2020).
We drew these diagrams (i) for all species, (ii) for categories of social insects nesting either in the soil or in arboreal habitats, (iii) as well as for common species nesting
(ants, termites) or dwelling (springtails) in the soil. Ants
and termites were assigned to soil- or arboreal-nesting
categories according to AntWiki (AntWiki 2020), other published literature and our general understanding of
the BCI ants. Soil-nesting included the following nesting
sites: hypogaeic, epigaeic, under stones, dead wood and
litter. When species were only identified by their BIN,
we assigned the same nesting categories as to congeneric
species with available information.
The data for Malaise and, particularly, light traps are
conservative because sample size was unequal (95 soil
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samples; 182 trap-days for Malaise and 20 trap-nights
for light traps) and lower than what would be intended
to perform within a year (see below). To reduce the effect
of sampling effort on species richness, we compared the
three methods with species accumulation and rarefaction
curves, separately for each target taxa. We considered
the occurrence of species in samples (i.e., the sum of the
times a species was detected in all samples available) and
computed rarefaction curves of species richness vs. the
number of samples with the R package ‘iNEXT’ (Hsieh
et al. 2016). To help visualize results of the rarefaction
analyses, we extrapolated the curves of species richness
with the same package to 150 samples. We also computed
an estimate of total species richness for each method and
taxa with iNEXT. We paid attention to the species richness accumulated with each collecting method with reference to the ideal minimum number of samples that should
be performed within a year to monitor adequately common species (see discussion in Basset et al. 2013). These
values are 100 soil samples (Basset et al. 2020), 80 light
trap-night samples (Basset et al. 2017) and estimated to
be 40 one-week Malaise trap samples. We also computed
species accumulation curves for common species nesting
or dwelling in the soil, as defined previously.
To evaluate differences in the faunal composition of
samples obtained with the three collecting methods, we
performed non-metric multidimensional scaling (NMDS;
calculated with Jaccard similarity) with the function
‘metaMDS’ of the R package ‘vegan’ (Oksanen et al. 2018).
We performed four ordinations separately, for all target
species together, for ants, springtails and termites. We considered a species x samples matrix with presence-absence
data (252 species × 141 samples for all species together).
We used the function ‘ordiellipse’ of the vegan package to
draw ellipses representing 95% CI around the centroids.
To test for differences between groups (methods) we used
a permutational multivariate analysis of variance using
distance matrices, which was performed with the function
‘adonis’ of vegan (Oksanen et al. 2018).

Results
All species occurrence in soil, Malaise and light trap
samples are detailed in Suppl. material 2: Appendix S2. A
nearly equal number of species was detected in Malaise
trap and soil samples, whereas only half of that number
was detected in light trap samples (Table 1). However, the
sampling effort with light traps was clearly lower than for
other methods (Table 1). Each collecting method detected
a rather distinct fauna (Fig. 1). Samples from the Malaise
traps detected about twice the number of ant species than
the soil and light trap samples (Fig. 1a). A high number of
springtail species were detected in soil samples, followed
by Malaise samples, but very few species were detected
in light trap samples (Fig. 1b). Termites were best detected in soil samples, and alates of termites were better
detected in light trap than in Malaise samples (Fig. 1c).
Overall, for the three target taxa, 87 species were uniquehttps://mbmg.pensoft.net
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Figure 1. Euler diagrams for (a) ants, (b) springtails and (c) termites indicating the number of species detected in metabarcoding
samples by each collecting method.
Table 1. Characteristics of samples obtained with each collecting method.
Variable
Soil samples
Malaise trap
Light trap
Year of collecting
2017
2014
2019
No. samples
100
26
20
No. trap-days
–
182
20
Spatial replication
10 locations
None
10 locations
Seasonal replication
Dry and wet season Dry and wet season Wet season only
No. sequences*
3,473,116
1,867
36,996
No. species detected (BINs)*
120
123
68
* Only 3 focal taxa, ants, springtails and termites

ly detected by Malaise samples, 83 by soil samples and
35 by light trap samples (Fig. 1).
Ant species nesting in the soil were similarly well detected in all three types of samples, along the series Malaise
trap > soil samples > light trap, whereas arboreal ants were
mostly detected in Malaise trap samples (Suppl. material 1:

Fig. S1). The pattern was rather different for termites nesting in the soil, which were mostly detected in soil samples.
Arboreal termites were mostly detected in light trap samples
(Suppl. material 1: Fig. S1). The pattern was also different
for common species nesting or dwelling in the soil, which
represented 22–36% of all species detected, depending on
the taxa (Suppl. material 1: Fig. S2). The most common ant
species were detected in light trap and soil samples. Common species of springtails were mostly detected in soil samples, whereas common species of soil termites were well
detected in soil samples and light trap samples.
Species accumulated faster in Malaise trap samples
for ants (total estimated species richness with iNEXT =
168 ± 32 [s.e.]) than for soil (74 ± 15) and light trap samples (54 ± 7; Fig. 2). This was also apparent when considering the minimum number of samples to be performed

Figure 2. Accumulation of species richness vs. the number of samples for (a) ants, (b) springtails and (c) termites, detailed for each
collecting method: blue = soil samples; green = Malaise trap samples; red = light trap samples. Solid lines are interpolated curves,
dotted lines are extrapolated curves to 150 samples. The vertical lines indicate, for each collecting method, the targeted minimum
number of samples within one year (see text).
https://mbmg.pensoft.net
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Figure 3. NMDS plots for (a) all species, (b) Formicidae, (c) Collembola and (d) Isoptera. Plots of samples (blue = soil samples,
green = Malaise trap samples, red = light trap samples) in the first two axes of the ordinations. The ellipses represent 95% confidence
limits around the centroids of each method.
Phase II:

Phase I: pilot studies and
DNA barcode reference s
Selection of study site(s)
Preferably international
network with climatic and
vegetation data available

high -throughput monitoring
& ecological analyses

Final selection of primers

Barro Colorado Island
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(allows to process higher volumes of soil than bulk soil samples)
Malaise & light traps – arthropod soup
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ants, springtails, termites

Taxonomic coverage
(or whole soil fauna)

Bioinformatics

Selection of collecting
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Figure 4. Long-term monitoring scheme for the soil arthropods in the tropical rainforest of Barro Colorado Island, Panama. Horizontal arrows colored in blue refer specifically to this study, pointing to results).

within one year for each collecting method. By contrast,
springtails showed faster species accumulation in soil
samples (estimated richness 43 ± 6), followed by Malaise trap samples (30 ± 2) and light trap samples (6 ± 2).
The pattern was also different for termites, which showed
faster species accumulation in soil samples (estimated
richness 48 ± 9), followed by light trap samples (20 ± 4)
and Malaise trap samples (14 ± 11; Fig. 2). For common
species nesting or dwelling in the soil equivalent species
accumulation curves were rather different. For Formicidae, common species accumulated faster in samples in

the series light trap > soil samples > Malaise trap (Suppl.
material 1: Fig. S3). For springtails the equivalent series
was soil samples > Malaise trap > light trap and for termites it was soil samples > light trap (sampling effort was
too low to compute an accumulation curve for termites
collected by Malaise trap; Suppl. material 1: Fig. S3).
The NMDS plots confirmed that faunal composition
was rather different in samples obtained by the three collecting methods. Differences in faunal composition were
most marked when all species were considered together
(F2,135 = 29.17, p = 0.001; Fig. 3), then for ants and springhttps://mbmg.pensoft.net
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tails (F2,123 = 29.74, p = 0.001 and F2,109 = 29.76, p = 0.001,
respectively), and for termites (F2,115 = 26.56, p = 0.001).

Discussion
Entomologists are well aware that an array of collecting
methods are necessary to survey most arthropod species
thriving in even relatively small areas (Basset et al. 2012),
and this is also true for soil arthropods (André et al. 2002).
These challenges are compounded when processing samples by metabarcoding because detection rates may differ
among species (Saitoh et al. 2016; Elbrecht et al. 2019).
Hence, the faunal composition of soil samples sorted manually may differ from that in soil samples processed with
metabarcoding. This is not necessarily detrimental to longterm monitoring, but the possible bias and limitations of
metabarcoding must be acknowledged, and perhaps corrected either in the field, laboratory or via bioinformatics.
Here, we are concerned with field protocol and provided a
detailed protocol to collect soil samples and arthropods in
a tropical rainforest to be processed with metabarcoding.
We then evaluated whether samples processed with metabarcoding and obtained with other methods commonly
used by entomologists, Malaise and light traps, may be
able to detect a substantial number of soil-dwelling species not detected in soil samples, for the target taxa of
Formicidae, Collembola and Isoptera in this tropical rainforest. We show that a substantial number of additional
species are detected in metabarcoding samples obtained
with Malaise and light traps, including species that are
common and amenable to statistical analyses of long-term
trends. This validates the approach of using different field
protocols to obtain samples processed by metabarcoding
with the purpose of monitoring in the long term a reasonable share of the focal species inhabiting BCI.
We restricted our study to three dominant taxa of soil/
litter arthropods. We do not have sufficient information
to discuss cogently how well metabarcoding may detect
other invertebrates in the soils of BCI, for lack of sound
DNA libraries for these other taxa. Among others they
may include earthworms, mites, spiders, myriapods,
nematodes and annelids.
We showed that each collecting method detected a
rather distinct fauna, in terms of species richness or faunal
composition. Overall, when considering the three target
taxa, soil and Malaise trap samples detected 213 species
(73%) of all species detected by the three collecting methods. However, patterns were different between taxa, with
Malaise trap samples detecting many ant species, whereas soil samples were more efficient at detecting springtail
and termite species. Both Malaise and light traps detected
a high proportion of arboreal ants and termites, representing 35% of the total of species of social insects detected.
Further, with respect to long-term monitoring of soil-nesting or soil-dwelling common species (more amenable to
statistical trends), the best combination of two methods,
in terms of maximizing the detection of common species,
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were soil and light trap samples, detecting 94% of the total
of the species common in the soil. This emphasizes that
different methods may be suitable for different research
goals. For a snapshot survey of the local area (including
the soil and arboreal fauna), metabarcoding samples obtained with all three collecting methods would obviously
be best, followed by a combination of soil plus Malaise
samples, if funding is limited. For generating time-series
in the long-term, soil samples detected 72% of common
species and would be the choice method, followed by a
combination of soil plus light trap samples. These results
were not too different when considering species accumulated and the ideal minimum number of samples that
should be performed within a year to monitor common
species adequately (Basset et al. 2013).
Several factors may hinder a direct comparison of the
data available, even when considering the number of samples collected in species accumulation curves. First, we
cannot consider reliable estimates of species abundance
in samples processed with metabarcoding with the present
technology (Lamb et al. 2018; Creedy et al. 2019). Second, it is difficult to compare samples from the different
methods with respect to spatial (soil samples > light trap >
Malaise trap and seasonal replication (Malaise trap > soil
samples > light trap). Hence, we can only conjecture what
would happen in our BCI system if we were to obtain with
an ideal protocol each year 100 soil samples (10 spatial
replicates, two sampling seasons), 40 one-week Malaise
trap samples (10 replicates, 4 annual surveys) and 80 light
trap-night samples (10 two-nights replicates, 4 annual surveys). In this case, we can assume that (1) more ant species nesting in the soil would be detected in our samples
(the soil ant species detected in this study represent about
50% of the total species richness of soil-nesting ants on
BCI; D. Donoso, unpubl. data); (2) we may also detect
more springtail species with more replicates of Malaise
trap (and complete analysis of springtails, see methods),
although not all these species may be dwelling in the soil/
litter (see below); and (3) a higher number of species may
be amenable to statistical analysis (common species).
Third, de Kerdrel et al. (2020) noted, in their comparison
of arthropod samples obtained with different methods and
processed with high-throughput barcoding, that fewer sequences were recovered from soil trapping methods (Berlese and pitfall traps) as compared to methods targeting
flying insects or arthropods perched on vegetation (Malaise traps, beating). These authors suggested that samples
with a considerable amount of soil and debris may include
compounds that may inhibit PCR. Water in the soil may
also increase DNA degradation (de Kerdrel et al. 2020).
We used high-throughput barcoding for Malaise trap
samples instead of the metabarcoding used for soil and
light trap samples. Because longer sequences were obtained with the former, BIN assignment was probably
more accurate for Malaise trap samples, resulting in better quality data (deWaard et al. 2019a). Further, in this
study, we compared species with BINs among methods
for a convenient and straightforward approach, as op-
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posed to also considering operational taxonomic units
(OTUs) of unknown species without BINs. It is legitimate to also ask whether our results would be different
when considering these possible extra OTUs. We believe
that at least for ants and termites, differences would have
been negligible because of the near complete DNA reference libraries available for these taxa inhabiting BCI.
Irrespective of the collecting method used, the number of ant species recovered by metabarcoding remained
rather low. This may be related to lower extraction rate
and sequence recovery. For instance, out of 14 arthropod
orders screened by de Kerdrel et al. (2020), Hymenoptera
(including ants) showed the lowest sequence recovery
rate. Implementing our three collecting methods with an
ideal sample size of 100 soil, 40 Malaise and 80 light trap
samples annually, would generate reliable time-series for
the 24 ant species that we labeled as being common and
amenable to statistical analysis of long-term trends. These
24 species represent 11% of the total number of soil/litter
ant species inhabiting BCI. This proportion is similar or
higher to that for the soil/litter ant species amenable to
similar statistical analysis (8%) when acquiring each year
50 Winkler samples sorted manually. Replacing Winkler
samples by soil samples and adding Malaise trap samples would increase field work slightly (i.e., human labor
to survey traps and handle samples) as compared to our
current annual sampling scheme (Lamarre et al. 2020).
However, this would decrease the time related to specimen processing and identification considerably, not to
mention the value added of obtaining metabarcoding data
of non-target taxa for all three collecting methods.
In this contribution, springtails were all assumed to
be soil-dwelling. This is certainly an oversimplification,
given that many species also thrive in arboreal habitats,
even though their biology remains poorly known (Hopkin 1997). Although springtails are often neglected in
Malaise trap samples, they are by no means infrequent
in these samples (Greenslade and Florentine 2013) and
can locally represent a substantial proportion of catches
albeit with low species richness (Palacios-Vargas and
Gómez-Anaya 1993; Palacios-Vargas et al. 1998). This
concerns mainly the family Entomobryidae and in the
Neotropics genera such as Seira, Entomobrya or Lepidocyrtus, as well as Paronellidae such as Trogolaphysa
and often Salina, which may climb on the mesh of the
trap (J.G. Palacios-Vargas, pers. obs.). By contrast, this
is hardly possible in light traps as they were suspended at
1.3 m height (Lucas et al. 2016). While both springtails
and termites may fall victim to predatory ants (Basset et
al. 2020), and thus be detected in metabarcoding samples, this is not necessarily detrimental to monitoring, as
it ascertains the presence of the prey in samples. There
are at least 104 species of springtails on BCI (Basset et
al. 2020), but currently only 33% of these species have
BINs. Hence, we can conservatively estimate that a sampling scheme based on 100 soil samples annually would
allow for the monitoring of at least the 19 species that
we labeled as being common and amenable to statistical
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analysis of long-term trends (18% of the total number of
species). This proportion can probably be increased as
springtail BINs are added to the reference libraries.
There are at least 62 species of termites on BCI (Basset et al. 2020; Y, Basset et al., unpubl. data), including
about 31% of specialized humus-feeding species (mostly
Apicotermini) species, 53% of wood-eating species in the
understorey and 16% of wood-eating arboreal species.
Soil metabarcoding samples detected many of the humus-feeding species. A protocol based on 100 soil and 80
light trap samples annually would probably allow for the
monitoring of about 16% of termite species (the 10 soil
species labeled as common), although wood-eating species may be underrepresented. Light trap data would allow for monitoring alates of a few more arboreal species.
When time and funding do not allow the combined
use of the three collecting methods tested in this study,
Malaise traps have the advantage over light traps of not
requiring electrical power in the field, as well as requiring
less time to set up and run in the field. Yang et al. (2014)
proposed that soil and Malaise trap samples processed
with metabarcoding be tested as a candidate method for
rapid environmental monitoring in terrestrial ecosystems.
Relevant to this, it is also legitimate to ask whether it is
sound to monitor workers (mostly in soil samples) or
alates (mostly Malaise and light trap samples) of social
insects, since metabarcoding does not allow for distinguishing between the two casts (but barcoding does after
verification of vouchers). For example, out of the +16,000
specimens of ants sorted from the 10 BCI Malaise traps
surveyed during the period of 2002–2017, 95.54% were
male alates, 4.40% were female alates and only 0.06%
were workers (D. Donoso et al. unpubl. data). There are
undeniable advantages to monitor alates as, in some cases, workers are far more difficult to survey than alates.
Because workers’ swarms are constantly on the move, the
spatial distribution of army ants is highly patchy (Kaspari
et al. 2011) and they are difficult to survey in soil or Winkler samples, whereas alates are readily caught in numbers
in light traps. Likewise, all termites collected in light traps
samples are alates and include a good proportion (60%)
of species that are arboreal and hence rarely collected in
monitoring samples obtained from the forest understorey.

Conclusion
Based on our results, a multiple protocol including 100
soil, 40 Malaise and 80 light trap samples processed annually by metabarcoding would allow monitoring of at
least 11%, 18% and 16% of species of soil/litter ants,
springtails and termites, respectively, present on BCI. All
these species have been formally vouchered, and many
are identified (Suppl. material 2: Appendix S2), so that in
the future it may be possible to discuss cogently potential
reasons for population decline or increase over time. Although these common species may not represent a large
share of species richness, they represent a high proportion
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of the BCI fauna in terms of abundance. For example,
common soil/litter ant species as defined in this study
represent about 80% of all ant individuals collected annually by Winkler samples for our long-term monitoring
scheme. The sampling effort suggested may be suitable
for the area of BCI but may vary for other rainforest locations. Figure 4 summarizes how we envision the longterm monitoring of soil arthropods at BCI. This provides
a starting point for pilot studies concerned with the longterm monitoring of arthropods in tropical rainforests.
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