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Abstract

Aim: Macroinvertebrates comprise a highly diverse set of taxa with great potential as
indicators of soil quality. Communities were sampled at 3,694 sites distributed world-
wide. We aimed to analyse the patterns of abundance, composition and network char-
acteristics and their relationships to latitude, mean annual temperature and rainfall,
land cover, soil texture and agricultural practices.

Location: Sites are distributed in 41 countries, ranging from 55° S to 57° N latitude,
from O to 4,000 m in elevation, with annual rainfall ranging from 500 to >3,000 mm
and mean temperatures of 5-32°C.

Time period: 1980-2018.

Major taxa studied: All soil macroinvertebrates: Haplotaxida; Coleoptera; Formicidae;
Arachnida; Chilopoda; Diplopoda; Diptera; Isoptera; Isopoda; Homoptera; Hemiptera;
Gastropoda; Blattaria; Orthoptera; Lepidoptera; Dermaptera; and “others”.

Methods: Standard ISO 23611-5 sampling protocol was applied at all sites. Data treatment
used a set of multivariate analyses, principal components analysis (PCA) on macrofauna
data transformed by Hellinger's method, multiple correspondence analysis for environ-
mental data (latitude, elevation, temperature and average annual rainfall, type of vegeta-
tion cover) transformed into discrete classes, coinertia analysis to compare these two data
sets, and bias-corrected and accelerated bootstrap tests to evaluate the part of the vari-
ance of the macrofauna data attributable to each of the environmental factors. Network
analysis was performed. Each pairwise association of taxonomic units was tested against
a null model considering local and regional scales, in order to avoid spurious correlations.
Results: Communities were separated into five clusters reflecting their densities and taxo-
nomic richness. They were significantly influenced by climatic conditions, soil texture and
vegetation cover. Abundance and diversity, highest in tropical forests (1,895 + 234 indi-
viduals/m?) and savannahs (1,796 + 72 individuals/m?), progressively decreased in tropical
cropping systems (tree-associated crops, 1,358 + 120 individuals/m?; pastures, 1,178 +
154 individuals/m?; and annual crops, 867 + 62 individuals/m?), temperate grasslands (529
+ 60 individuals/m?), forests (232 + 20 individuals/m?) and annual crops (231 + 24 indi-
viduals/m?) and temperate dry forests and shrubs (195 + 11 individuals/m?). Agricultural
management decreased overall abundance by <54% in tropical areas and 64% in temperate
areas. Connectivity varied with taxa, with dominant positive connections in litter trans-
formers and negative connections with ecosystem engineers and Arachnida. Connectivity
and modularity were higher in communities with low abundance and taxonomic richness.
Main conclusions: Soil macroinvertebrate communities respond to climatic, soil and
land-cover conditions. All taxa, except termites, are found everywhere, and commu-

nities from the five clusters cover a wide range of geographical and environmental
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1 | INTRODUCTION

Soils are home to enormously biodiverse communities, estimated
to make up as much as c¢. 40% of the total species on Earth (Orgiazzi
et al., 2016). The greater part of this diversity remains unknown or
undescribed, especially among the smaller organisms (Decaéns,
2010). Invertebrates are classified on the basis of size as micro-
fauna (<0.2 mm), mesofauna (0.2-2 mm) and macrofauna (>2 mm)
and are key determinants of self-organization in soils, a process
whereby interactions at discrete scales among biotic and abiotic
components create structures that have positive feedback on soil
organism fitness (Lavelle et al., 2016; Perry, 1995). This import-
ant position is mediated through the control they exert on other
soil community members and through their ecosystem engineer-
ing activities (Lavelle et al., 2016). We still lack a comprehensive
study that characterizes their communities precisely at a world-
wide scale. Macroinvertebrates, here defined as the invertebrates
that can be seen with the naked eye, comprise a broad range of
taxonomic groups with widely diverse ecologies and multiple in-
fluences on soil processes. Although their detailed roles as bio-
chemical, physical and community engineers have been described
in a wide range of publications (e.g., Blouin et al., 2013; Brussaard
et al., 2006; Jouquet et al., 2011; Medina-Sauza et al., 2019), gen-
eral models of soil function and management options still largely
ignore these organisms (Barot et al., 2007; Bottinelli et al., 2015;
Filser et al., 2016). This might be because of a general ignorance of
their quantitative and functional roles in the soil. Such ignorance
might be a consequence of their distribution across a wide range
of publications and the distributions of data among many orders
and families. It is even more surprising to see that soil biologists,
specialists in other groups (microflora, microfauna or mesofauna),
choose to ignore macrofauna in their attempts to propose ecolog-
ical models of soil functioning (Guerra et al., 2021; Nielsen et al.,
2015).

To overcome these limitations and propose this necessary com-
prehensive view of the importance and diversity of soil macroinver-
tebrate communities, a simple method for sampling macrofauna was
developed to quantify the structure and diversity of their commu-
nities (ISO, 2011). Data collected over 30 years using this standard
method have been accumulated world-wide and stored in a database.
This paper provides a general overview of the macroinvertebrate
communities studied and their major environmental determinants.
The study is based on 3,694 sites distributed among 41 countries,
collected in the Macrofauna database (Lavelle et al., 2022).

and Biogeography Macroecology

conditions. Agricultural practices significantly decrease abundance, although the

presence of tree components alleviates this effect.

communities, land cover, Macrofauna database, network analysis, soil ecology, soil

We first provide a general description of macroinvertebrate
communities, the frequency of occurrence of the 16 main broad
taxa, average and median densities world-wide. This should clearly
inform on the abundance and diversity of this fauna at a global scale.
We then searched for a general typology of the communities, look-
ing for general patterns that could be taken into consideration in
general conceptual and simulation models, and multivariate analyses
were used for this purpose. Network analyses inside communities
grouped according to the cluster analysis or land-cover groups com-
pleted these analyses.

Finally, we tested two general hypotheses. The first one states
that local climatic conditions and natural and managed land cover
are major drivers of the structure and population densities of soil
faunal communities. A number of studies demonstrate such effects
at local scales, but we do not know whether they are still operating
at broader spatial scales and whether a hierarchy can be observed
in the set of observed climate, soil and plant cover determinants
(Lavelle et al., 1993). This would orientate practices aimed at enhanc-
ing this biological component and use macroinvertebrate communi-
ties as indicators of the different physical, chemical, morphological
or biodiversity aspects of soil quality. The second hypothesis postu-
lates that the general trends of reduced abundance, biodiversity and
connectedness often observed in aboveground and belowground
communities of microorganisms and soil micro- and mesoorganisms
in agricultural versus non-agricultural soils (Morrién et al., 2017,
Tsiafouli et al., 2015), although with different patterns depending
on the taxa considered (Cameron et al., 2019), are paralleled in soil
macroinvertebrate communities world-wide. Knowledge of these
patterns will allow identification of the basic conditions that would

conserve or enhance macroinvertebrate communities.

2 | MATERIALS AND METHODS

A standard method used at all sampling points provided a homoge-
neous set of data. Multivariate and network analyses provided the
means to obtain a clear picture of the general patterns observed in
macroinvertebrate communities and of their main drivers.

2.1 | Methodology: The ISO/TSBF protocol

In 1984, as part of the Decade of the Tropics UNESCO programme,
the Tropical Soil Biology and Fertility (TSBF) programme was
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launched, with the aim to “improve understanding of the role of bio-
logical and organic resources and their management for improved
tropical soil fertility and the sustainability of land-use systems”.
Breaking with the taxonomic specialization that has led research-
ers to use taxon-specific methodologies, we proposed for this pro-
gramme a macrofauna sampling method that involves hand sorting
all the invertebrates recovered from 25 cm x 25 cm samples of the
litter layer and the predominantly mineral soil, in 10 cm slices down
to a depth of 30 cm (ISO, 2011; Velasquez, 2020). The definition of
macrofauna was extended from the original “>2 mm size” to include
all the invertebrates that could be seen with the naked eye.

This study is an attempt to synthesize the data collected in >50
independent projects in an opportunistic approach. Study sites were
first concentrated in tropical areas where the TSBF programme op-
erated, then extended progressively to other research sites and non-
tropical areas as the method gained visibility and recognition. In the
great majority of cases, the fieldwork was supervised by members of
the team that initially proposed the method, or by people trained by
them, which ensured a relative uniformity in the way of working and
in the efficiency of the hand-sorting process.

In an evaluation of the efficiency of hand sorting conducted
using large soil blocks, 1 m? x 30 cm, Lavelle et al. (1981) counted the
organisms retained on sieves after previously hand-sorted soils were
washed carefully through sieves and the residual fauna recovered.
These authors and Jiménez et al. (2006) found that the efficiency of
the hand-sorting technique varied greatly with organism size, colour
and mobility and also differed among operators. Ruiz et al. (2008)
and Velasquez (2020) found that it was important to follow the sep-
aration technique described in the ISO/TSBF method accurately and
consistently to attain extraction efficiencies close to 100% for most
invertebrates. Although differences in the individual efficiencies
might, theoretically, affect the comparison among sites, we believe
that they balance out owing to the high number of operators in all
the >50 different projects, with an estimated 500 operators in total.
Nonetheless, an effort has been made to provide people, whenever
possible, with detailed technical documents and videos (Ruiz et al.,
2008; Velasquez, 2020).

Nonetheless, the method is sensitive to the effects of differing
soil conditions and land-use treatments on macroinvertebrate com-
munities, has low operating costs and uses simple protocols. This
has resulted in it becoming a standard method for the characteriza-
tion of soil macroinvertebrate communities and a basis for the de-
sign and evaluation of synthetic indicators of soil biodiversity (Ruiz
etal.,, 2011; Velasquez et al., 2007). It has been adopted as a tool for
the description of soil quality in a large number of studies (Grimaldi
et al., 2014; Lavelle et al., 2014; Rousseau et al., 2013; Velasquez
and Lavelle, 2019). Although it was designed initially as part of a pro-
gramme focused on tropical areas, it has since been adopted in large
projects developed in Europe, China and the USA by local universi-
ties and research institutes.

At a given site, it is recommended that five samples 25 cm x 25
cm and 30 cm deep be taken, subdivided into four depth-based sub-
samples: the litter layer, 0-10, 10-20 and 20-30 cm. Ruiz et al. (2011)

showed that a minimum of three samples, separated laterally by
30 m to avoid autocorrelation, was enough to detect significant dif-
ferences among a large set of natural and cultivated French soils.
Subsamples from each separate layer of the litter and soil are kept in
plastic bags and hand sorted immediately after the subdivision pro-
cess described above. Invertebrates are preserved in alcohol.
Macroinvertebrates are generally identified to the ordinal level

using simple keys.

2.2 | The Macrofauna database

All the data collected from sites sampled using the ISO/TSBF method
have been stored in the Macrofauna database in an opportunistic
approach. The ISO/TSBF method has been applied independently
in a large number of different projects with different purposes since
the earliest publication of the method, in 1989, and their data were
also stored in the database. As a result of these dynamics, the data
set has not been generated in an organized way, as designed from
the beginning.

In 1999, however, the Macrofauna project developed within the
framework of the International Biodiversity Year programme (IBOY;
www?2.nrel.colostate.edu/projects/iboy/whatandwhere.html),
which brought together c. 40 people who had used the TSBF
method, in an effort to optimize the method and share data within
the framework of the Macrofauna database. A very detailed format
was proposed, and the available data were stored. The data set used
in the present study has been derived from the general database
created at this time.

Sites were all sampled only once, and comparisons among types
of plant cover were made according to a space-for-time sampling
strategy. Access to the database was provided on the DRYAD plat-
form (Lavelle et al., 2022). For each “site”, data from one to five or
more replicated blocks were pooled and densities expressed as in-
dividuals per square metre. Where the purpose of the study was to
compare soils submitted to different types of land use in the same
place, it was not considered advantageous to measure biomasses
because they usually exhibit greater variances than equivalent pop-
ulation density data (Lavelle et al., 1981). Data sites were unevenly
distributed globally, with substantial concentrations of sites sampled
in Western Europe and tropical America, whereas large gaps were
evident in Russia and North America (Figure 1). Latitude ranged from
55° S (Ushuaia, Argentina) to 57° N in Finland, elevation from O to
4,482 m in the Peruvian Andes, and mean annual temperatures from
5°C (Chufuchununi in the Bolivian Andes) to >30°C in several sites
of NE Brazil and Burkina Faso. Annual rainfall ranged from <1,000
mm in Queensland (Australia), Cordoba (Argentina) and Bolivia to
>3,000 mm in Karnataka (India), Caqueta (Colombia), Sarawak
(Indonesia) and Costa Rica.

For each site, the database recorded six geographical data: el-
evation, latitude, longitude, mean annual temperature and rainfall,
and land cover. Latitude, elevation, temperature and rainfall were
converted into between five and seven discrete classes, regularly
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FIGURE 1 Top panel, distribution of the 3,694 sampling sites of the Macrofauna database; bottom panel, number of records per country

distributed according to the amplitude of their respective variations.
The conversion of the data into discrete classes made it possible to
homogenize data obtained from very diverse sources, those directly
measured with great precision on site or those, less precise, drawn
from cartographic documents. This approach is consistent with the
global scale considered in the present study, which measures all

variables at relatively general levels, such as orders for invertebrates
or large latitudinal areas. It allows the use of robust statistical tools.

Eighteen variables recorded the properties of the macroin-
vertebrate community: taxonomic richness (the number of taxa
found at the site); total density per square metre; and density per
square metre of earthworms, ants, termites, Coleoptera, Chilopoda,
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Diplopoda, Isopoda, Diptera, Blattaria, Hemiptera, Dermaptera,
Lepidoptera, Orthoptera, Gastropoda, Arachnida and other groups.
Soil texture information (provided in only 1,503 sites) was classified
in three categories (sandy, silty or clayey), according to the dominant
fraction in soil.

Sites were relatively more numerous within the latitudinal
classes 45-60° and 0-15° and in the 500-1,000 mm range of annual
rainfall (Figure S1).

Land cover, described in some detail in the original data sets,
was reduced to 10 categories after preliminary analyses (not shown
here). The first results obtained, some with a list of 21 different types
of land cover inspired by the Food and Agriculture Organization of
the United Nations and Corinne land-cover systems, showed a very
large dispersion inside and among the groups identified in the fac-
torial plans of the principal components analysis (PCA). This situa-
tion prevented the transmission of a clear and simple message at
the global scale considered here. We propose a system that gives
importance to environmental conditions that matter for soil mac-
roinvertebrates: local climatic conditions (temperature and rainfall)
and the importance of trees in the land cover. This will allow us to
test the general hypothesis that the presence of trees in agricultural
systems has positive effects on the diversity and abundance of mac-
roinvertebrate communities.

This led us to distinguish natural systems [tropical rain forest
(7.4% of the sites) and savannas (0.9%), temperate forests (decid-
uous, coniferous and mixed forests; 25.3% of the sites), grass-
lands (8.8%), and temperate dry forests and shrubs (2.1%)] and
managed systems [temperate or tropical cropping systems, asso-
ciated with trees (17.5%) or not (11.0 and 12.4%, respectively)].
A few sites that did not coincide with this classification, such as
peatbogs, bare soil or urban soils, were classified into an “others”

category.

2.3 | Datatreatment

Data were checked before analysis, and errors of transcription were
corrected. Histograms were plotted to examine the shapes of the
frequency distributions of all taxa and total densities.

The measures of central tendency and variation are arithmetic
means and standard errors, unless otherwise indicated.

Principal components analysis was used to ordinate the macroin-
vertebrate communities, described by its 18 respective variables, at
the 3,694 sites and was performed with the ade4 library for R (Dray
& Dufour, 2007). We applied a correction factor according to the
number of samples taken in each site (row weight, row.w, command
in ade4).

A cluster analysis was then applied to the coordinates of the PCA
performed on macroinvertebrate community data to separate them
into a small set of distinct similar groups. This approach would gener-
ate a typology of the communities. We expected it to provide clues
to identify the determinants of their composition and abundance.
These were characterized further and linked to specific geographical

(latitude, elevation, mean annual rainfall and soil texture) and plant
cover conditions.

Environmental data, latitude, elevation, plant cover and soil
texture, were processed with a multiple correspondence analysis
after expressing them in discrete classes. A global coinertia anal-
ysis between environmental and faunal data (Doledec & Chessel,
1994) allowed the significances of elevation, latitude, plant cover
and soil texture effects on macroinvertebrate communities to be
tested.

We then performed bias-corrected and accelerated (BCa)
bootstrap tests (a particular case of redundancy analysis using a
single explanatory variable) to evaluate separately the proportion
of variance explained by each environmental variable and its re-
spective significance. A bootstrapping procedure was associated
with the BCa analysis to compensate for the unequal number of
sites in the different classes. For each factor tested, we first re-
moved strata with insufficient data, which were defined as levels
with <100 observations. Then we resampled with replacement
1,000 times (number of bootstrap replicates) each stratum with
the number of samples available in the smallest strata for the
corresponding factor and computed the distribution of the boot-
strapped variance explained by the factor for each bootstrap
replicate. The detailed results are presented in the Supporting
Information (Table S1).

Rainfall and elevation were both separated into seven classes
from the lowest (0-500 mm/year and 0-500 m) to highest (>3,000
mm/year and 3,000 m) recorded values. Latitude was classified in
five categories: 0-15, 15-30, 30-45, 45-60 and >60° North or
South. Eleven types of plant covers were identified after optimiza-
tion of an initial set of 21 using preliminary statistical treatments.

Tests were made of the evidence of co-occurrence among tax-
onomic groups forming ecological networks in communities and
their changes according to environmental conditions (Morueta-
Holme et al., 2016). Each pairwise association of taxonomic units
was tested against a null model considering local and regional
scales in order to avoid spurious correlations. The null model was
constructed by resampling the observed data separately within
each relevant stratum (the “COVERS8” and “CLUSTER” classifica-
tion of sites according to their plant cover or grouping generated
by the general cluster analysis performed on the dataset). We used
a resampling scheme that preserves row and column sums. This
procedure identifies significant positive and negative associations
among taxa, which are used to define the local networks. The pro-
cedure was realized with the function “make netassoc network”
from the netassoc (v.6.3) R package (Morueta-Holme et al., 2016).
Clusters of taxonomic groups were identified using the igraph
package (Csardi & Nepusz, 2006). Networks were then charac-
terized by traditional metrics, such as connectance (total number
of links divided by the total potential number of links), nested-
ness and modularity. Nestedness is a property of species assem-
blages where similar patterns of species occurrence are observed
in low- and high-density communities (Atmar & Patterson, 1993).
Modularity measures the division of a network into independent
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subcommunities. This parameter is often assimilated with commu-
nity resilience (Thebault & Fontaine, 2010).

3 | RESULTS
3.1 | General trends in macroinvertebrate
communities

Macroinvertebrates occurred in 94% of the sites. Sites with no
macroinvertebrate communities were found in semi-desert areas
of Spain and Australia and in a few sites with intensive agricultural
practices from Hungary. All taxonomic groupings except termites
occurred at nearly all sites, although population densities differed
strongly among taxa (Table 1). Earthworms were the most frequent
taxon (71%), with Coleoptera (65%) and ants (53%).

3.2 | Frequency distributions of the population
densities of the major taxa

The frequency distributions of the total population densities and
of all the constituent taxa recorded were highly right skewed and
platykurtic; consequently, large differences were apparent between
the medians and the means for all taxa and for the total population
densities (Table 1; Figure S2).

The three numerically dominant groups of organisms are the im-
portant soil ecosystem engineers: ants, termites and earthworms.

Coleoptera, Myriapoda, Arachnida, Isopoda and Diptera larvae were

and Biogeography Macoecohogy

all less populous, all with mean densities <100 individuals/m?. Lower
values were found for all the remaining taxa and for the “others”
category.

Although the mean density of the macroinvertebrate commu-
nity was rather high, the median density for the whole data set was
much lower than the mean and was zero for 13 of the 16 taxonomic
groups. The data set is characterized by rather large proportions of
zero values among the less populous taxa, right skews attributable
to the highly aggregated distributions of many soil animal popula-
tions and generally high values of the excess kurtosis coefficient for
all groups. This last feature might be attributable to underlying poly-
modal distributions.

Over the 3,694 sites sampled, macroinvertebrate communities
contained a mean representation of 5.6 + 0.07 of the taxonomic

units presented in Table 1.

3.3 | A general typology of macroinvertebrate
communities

Principal component analysis ranked the sites based on their over-
all densities and taxonomic richness along axis 1 (27.4% of variance
explained; Figure 2a). The major ecosystem engineers (earthworms,
ants and, to a lesser extent, termites) and two of the more impor-
tant litter transformers (Myriapoda and Isopoda) were the most
influential variables in defining this axis. Axis 2 (8.3% of variance ex-
plained) contrasted sites with high population densities of termites
and Blattaria with sites possessing high densities of Coleoptera,
Gastropoda, earthworms and Diptera larvae.

TABLE 1 Density and general statistical parameters of the main macroinvertebrate groups in the 3,694 sites represented in the

Macrofauna database

Arithmetic
Taxonomic grouping Frequency (%)  (mean + SE) Median
Earthworms 70.7 123 +3.8 29.3
Ants 53.2 303 +29.3 6.9
Termites 26.4 187 +15.2 0.0
Coleoptera 65.1 50+ 1.7 14.8
Chilopoda 35.8 13+0.6 0.0
Diplopoda 33.1 21+20 0.0
Isopoda 19.6 14 +1.7 0.0
Diptera 26.9 8+0.5 0.0
Blattaria 13.6 23+0.2 0.0
Hemiptera 19.1 3.2+0.2 0.0
Dermaptera 9.0 1.3+0.1 0.0
Lepidoptera 11.9 1.6+1.6 0.0
Orthoptera 12.6 1.2+1.2 0.0
Gastropoda 18.2 53+04 0.0
Arachnida 48.8 17 +0.8 0.0
Others 15.2 12+21 0.0
Total density 93.9 787 + 36 250.2

First Third Skewness Kurtosis

quartile quartile coefficient coefficient
0.0 157.5 3.6 18.5
0.0 99.0 17.5 397.9
0.0 3.0 13.0 254.1
0.0 62.1 8.2 125.8
0.0 14.8 6.6 60.6
0.0 11.6 17.5 419.9
0.0 0.0 16.3 359.6
0.0 2.2 11.9 214.3
0.0 0.0 15.5 342.8
0.0 0.0 11.6 194.8
0.0 0.0 11.0 162.0
0.0 0.0 12.9 256.1
0.0 0.0 9.5 147.0
0.0 0.0 14.8 387.6
0.0 14.8 10.0 149.0
0.0 0.0 35.0 1,599.3

78.4 630.0 11.8 206.7
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FIGURE 3 Left panel, taxonomic richness and right panel, composition of communities in the five clusters separated from the

Macrofauna database

To explore the data set further, a cluster analysis was conducted
on the set of macroinvertebrate data previously analysed with PCA
(Figure 2b). The analysis separated five different clusters. Separation
into these clusters explained 16.5% of total variance (p < .001; Table
S1). There was a clear gradient in taxonomic richness and community

density from clusters 1 to 5 (Figure 3). Although all clusters had sites
from all the latitudinal classes, with the exception of the >60° class
not represented in cluster 4, there was a clear trend for latitude to
decrease from cluster 1 to 4. Cluster 5 exhibited a different trend,
with rather evenly distributed latitude values (Figure S3).
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All clusters comprised plant covers of all categories, although in
different proportions, with relatively higher representation of tem-
perate forests and grasslands in clusters 1-3 and tree-associated
tropical crops and tropical forests in clusters 4 and 5 (Figure S4).

Soil macroinvertebrate communities were composed of similar
organisms from cold temperate to equatorial soils, and throughout
the five separated clusters (Figure 3). Termites were the only large
taxonomic group restricted to a geographical area, roughly delim-
ited by the N and S tropics. Overall, density increased regularly from
cluster 1 (203 + 16 individuals/m?) to clusters 4 (1,611 + 150 in-
dividuals/m?) and 5 (1,662 + 111 individuals/m?. Earthworms in-
creased from cluster 1 to 3, then decreased in clusters 4 and 5,
whereas Coleoptera, ants and Myriapoda culminated in cluster 4 and

termites in cluster 5.

3.4 | Determinants of macroinvertebrate
communities

Discriminant analyses showed highly significant (p < .01) ef-
fects of plant cover (11.8% of total variance explained), elevation
(14.8%), latitude (12.8%), soil texture (3.9%) and temperature (8.7%)
(Table S1). Highest abundance would be found at 1,000-2,000 m
elevation, in equatorial (0-15°) latitudes, with rainfall ranging from
2,000 to 2,500 mm/year and average temperature in the 20-30°C
range (Figure S5).

Plant cover had a significant effect on taxonomic richness
(Figure S6), total density and community composition (Figure 4). The
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FIGURE 4 Compositions of macroinvertebrate communities in
different types of plant cover considered in the 3,964 sites of the
Macrofauna database
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mean (+SE) number of orders found at a site varied from 3.1 + 0.14
in dry forest and scrub vegetation sites to 9.3 + 0.24 in tropical rain
forests. (Figure Sé). Plant covers in tropical areas exhibited taxo-
nomic richness values higher than six, whereas those in temperate
regions had values from four to five. The unexpectedly high number
of outliers (shown in Figure S6) for temperate forests corresponds
to subtropical deciduous forests located in Mexico at elevations of
c. 1,500 m, and a few deciduous forests from France. A similar fea-
ture observed for the temperate dry forests and shrub vegetation
corresponds to scrub vegetation at >3,000 m elevation, where a rel-
atively low rainfall is compensated by low evaporation rate.

Overall community densities followed similar trends to taxo-
nomic richness, with minimum densities of <200 individuals/m? in
urban and peatbog soils, 200-250 individuals/m? in bare soils, an-
nual crops from temperate areas and temperate forests, to maximum
values of 1,895 + 234 individuals/m? in tropical rain forests and
1,796 + 72 individuals/m? in natural savannahs (Figure 4). Although
tropical crops associated with tree components in agrosylvopasto-
ral, agroforestry or tree plantations generally had rather high macro-
invertebrate community densities, annual cropping systems with no
trees had a highly detrimental influence with an overall decrease of
c. 64% in temperate areas, if compared with temperate grasslands
(but not different when compared with forests), and 54% when com-
paring tropical annual crops with the original rain forest.

3.5 | Covariation among macroinvertebrate
communities and environmental parameters

Coinertia analysis between environmental and macroinvertebrate
communities showed a significant covariation (coefficient of matrix
correlation [RV] = 0.20; p < .001; Figure 5) and confirmed individual
tests done on single categories of environment parameters. Tropical
rain forests, tropical crops with tree components, temperate and
tropical grasslands and high-rainfall conditions (>2,000 mm/year)
were associated with high taxonomic richness and high densities of
all macrofauna groups, with social insects (ants and termites) being
particularly important, along with Coleoptera and earthworm densi-
ties and occurrence of the relatively rare “other” groups.

At the other end of the axis, sites with low densities and taxo-
nomic richness were often those with bare soils or supporting annual
crops and were often located in low-rainfall areas within subtropical

areas in the Southern Hemisphere.

3.6 | Network analyses

We found generally higher numbers of significant associations
when grouping communities according to plant cover than accord-
ing to clusters (Figure 6). Dry and humid tropical forests exhibited
maximum numbers of 73 and 79 interactions, respectively, from a
maximum of 91 (Figure 6). Temperate and tropical grasslands and
tropical tree-associated crops still showed rather high values, >60,
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FIGURE 5 Respective coordinates of the 15 most influential environmental variables (of a total of five and their 41 modalities; left) and
macroinvertebrate groupings (right) on axis 1 of a coinertia analysis among environmental and macroinvertebrate groupings of the 3,964
sites of the Macrofauna database. Groupings from both sides that have similar coordinates along factorial axes exhibit maximum covariation

whereas temperate forests had a rather low value of 37. Minimum
values were observed in temperate and tropical annual crops, with
28 and 29 significant interactions, respectively.

Positive interactions prevailed except in temperate forests and
annual crops, with maximum values in tropical forests (59), tropical
pastures and temperate dry forests and shrubs (47) and temperate
grasslands (41), whereas the largest occurrences of negative inter-
actions (26) were observed in tropical forests and temperate grass-
lands and tropical tree-associated systems (24). Higher numbers
of clusters and values of modularity in negative interactions show
a more fragmented pattern in negative than positive interactions
(Table 2).

Links among taxonomic groups measured by their co-occurrence
also varied greatly among clusters (Figure S7). Cluster 1 is character-
ized by a high connectance: all groups are linked to at least another
one, and 74.3% of the possible interactions are significant. Cluster
2 presents a similar pattern, with 36 positive and 19 negative con-
nections. Clusters 4 and 5 exhibit intermediate patterns, whereas
cluster 3 exhibits the lowest number of significant connections,
with only 17 links, 21.8% of the possible total. Connectivity indices,
which summarize this information, follow similar patterns, with the
highest values for clusters 1 and 2 and lower values for clusters 3-5.

The rather reduced communities grouped in clusters 1 and 2
are highly structured, with high connectance and taxonomic groups
related into only one cluster, whereas more populous communities
from clusters 3-5 tend to consist of between 5 and 10 clusters of
interconnected taxa instead of only one, as in the first two groups.

Modularity values vary among clusters, with the highest value found
in the most developed communities of cluster 5 (Table S1).

Taxonomic groups show a large diversity of patterns of asso-
ciations that might partly explain the differences observed among
plant covers and clusters (Figure S8). The three main groups of eco-
system engineers exhibited mostly negative associations with other
taxa. On the contrary, the litter transformers (Diplopoda, Isopoda
and Chilopoda) had the highest number of positive associations with
other taxa.

4 | DISCUSSION

Clear patterns in community composition and structure have been
revealed through analysis of the present large data set and have
confirmed the dominant role of plant cover and other environmental
parameters in determining macroinvertebrate communities. We dis-
cuss here the general methodology used and the hypothesis testing

proposed.

4.1 | Methods

Macroinvertebrate communities have been assessed across a wide
range of sites using the simple low-cost ISO/TSBF method de-
scribed here. Comparing data obtained from so many places must
inevitably have been associated with differences in the quality of
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FIGURE 6 Network analysis of macroinvertebrate communities of the Macrofauna database in the eight main types of plant cover.
Black bars indicate the number of significant positive relationships; red bars indicate negative relationships

TABLE 2 Network characteristics in groups of sites with similar plant cover

Positive Positive
Cover connectivity clusters (n)
Tropical annual crops 0.55 3
Tree-associated tropical 0.46 2
crops
Tropical forests 0.62 3
Temperate annual crops 0.50 3
Dry forests 0.47 3
Temperate forests 0.55 3
Temperate grasslands 0.59 3
Tropical pastures 0.65 3

the separation. However, the large number of different projects
mostly led by people long trained in the method led us to expect
a rather homogeneous level of accuracy. Invertebrates from so
many different groups are not all captured with the same accuracy

Positive Negative Negative Negative
modularity connectivity clusters (n) modularity
0.22 0.21 4.00 0.40

0.23 0.10 6.00 0.47

0.22 0.27 4.00 0.38

0.24 0.32 3.00 0.29

0.22 0.13 6.00 0.54

0.24 0.18 4.00 0.29

0.21 0.27 3.00 0.29

0.13 0.23 4.00 0.43

owing to differences in colour, mobility and size. As a result, the data
obtained should be considered accurate indicators of the state of
communities, not exact evaluations of the densities of all individual
groups. In addition, high local variability in estimated densities was
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to be expected from sampling such a large number of different taxo-
nomic groups, with their often-aggregated distributions, and using
relatively small sampling units (Ettema & Wardle, 2002; Jimenez
et al., 2001). Patchy distributions frequently observed in soil mac-
roinvertebrate populations probably explain the pattern observed
in most taxonomic groups that have a large number of zero values
and medians equal to zero (Table 1). Despite these potential limita-
tions, analysis of the data set has revealed clear patterns. Both natu-
ral environmental determinants and human impacts on plant cover
were assessed globally, and their significances and hierarchical ar-
rangements were tested. Success in this area is probably attribut-
able to the particular sensitivity of macroinvertebrate communities
to environmental drivers and the robustness of this simple sampling
method.

Other authors have analysed subsets of this and other data-
bases, using levels of taxonomic resolution from orders to families
and species. They concluded that orders and families have nearly
the same capacity as species or genera to discriminate among the
effects of the major environmental general drivers (Nahmani et al.,
2006; Ruiz et al., 2011). This underlines the need to consider equiv-
alent levels of scale resolution in comparing sites and taxonomic
groups. Sites separated at the moderately broad spatial resolutions
(a forest, a cropping plot) generally used in these studies are often
better discriminated using coarse taxonomic units (orders and fam-
ilies) than by using lower levels, such as genera and species. In con-
trast, population dynamics studies or small-scale studies considering
the effect of a single plant will always require methodologies specific
to individual taxa (Moreira et al., 2008).

A possible drawback of the present method is that its efficiency
has not yet been assessed clearly. Determining the extraction ef-
ficiency of macroinvertebrates from their litter and soil substrates
depends on a number of factors: their size, colour, mobility and the
competence of the operators. Based on the results of Lavelle et al.
(1981), who checked the efficiency of a similar technique using much
larger sampling units, we suspect that a general underestimation
from 10 to 25% is likely to have occurred in many site-based studies.
The procedure proposed by Velasquez (2020) offers a strict separa-
tion between groups and might allow recoveries close to 100% for

most invertebrates.

4.2 | Diversity and distribution of communities

Our results confirm the constant presence, quantitative impor-
tance and diversity of macroinvertebrate communities world-wide.
This finding supports our introductory statement that such an im-
portant biological component cannot be overlooked in conceptual
and simulation models of soils. Cluster analysis has indicated that
macroinvertebrate communities with comparable levels of diver-
sity and abundance can occur across a broad range of geographical
conditions, although this might not apply in extreme, cold or high-

elevation environments. In addition, all groups, except termites,

could be found at all the sites, covering a wide range of soil and cli-
mate conditions. Although several significant environmental drivers
have been identified, no taxa seem to be specific to a particular geo-
graphical area or plant cover type.

In general terms, systems that have a well-developed tree com-
ponent and surface litter cover will host more diverse and abundant
communities of litter transformers. They are Myriapoda, Isopoda,
Arachnida and many other groups that can be excluded from pas-
tures or cropped fields when the soil is kept bare for a large part of
the year and/or when pesticides spread at the soil surface decimate
their populations. In grasslands and herbaceous cropping systems,
however, other groups, such as earthworms and Coleoptera, have
the potential to become dominant. Although the conditions of these
ecosystems, in particular specific water regimes and abundance of
fine roots in soil, may favour them, the absence of trees and of the
litter layer below them has detrimental effects on the whole litter-
feeding community.

The difference in overall abundance between annual cropping
systems deprived of trees and the largest community, -54% com-
pared with forest in tropical areas and -64% compared with grass-
lands in temperate areas, sustains this statement. These global
average values cover a wide range of variations that can be under-
stood only by considering the detail of local and regional variations.
In this analysis, for example, Diptera larvae appeared as a minor
component of communities despite reported densities of several
hundred individuals per square metre in a large number of European
soils (Frouz, 1999). Although a great number of them are small and
belong to the mesofauna that is not collected in the ISO/TSBF sam-
pling, they also appear to be more abundant in specific biogeograph-
ical areas and ecosystems.

All the environmental factors tested (soil texture, temperature,
rainfall, latitude and plant cover) impact soil communities and ac-
count for significant but variable percentages of overall variance,
thus verifying our first hypothesis. The data set, however, did not
allow us to test for their possible organization into the hierarchical
suite of determinants, from climate to soil and organic matter qual-
ity, proposed by Lavelle et al., 1993).

An extended data set incorporating sites with larger ranges of
climatic variables and more precisely defined definitions of soil con-
ditions and litter quality (both surface and root litter) might result in
a greater discrimination between macroinvertebrate communities.
The present database lacks data from cold and hot, semi-desert and
desert areas. We also need consistent definitions of soil taxonomic
groupings to test the effect of soil age and a possible trade-off be-
tween young soils, rich in nutrients but shallow, and old soils that are
deep and well structured, but are generally depleted of nutrients and
organic matter. A preliminary analysis suggested that earthworms
are more abundant in younger soils, whereas termites dominate in
older soils, and ants are abundant in the youngest and oldest soils
(Orgiazzi et al., 2016).

The amount of variance explained on each axis by individual en-

vironmental drivers is limited in all cases, although highly significant.
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The highest value recorded for plant cover (12.3% of variance ex-
plained) probably expresses the strong overall effect of soil man-
agement, because >60% of the samples contained in the data base
were derived from agricultural environments. Relationships with
elevation (8.9%), latitude (5.3%), soil texture (3.9%) and tempera-
ture (2.3%) were also significant, although we do not yet know
whether the differences found among these environmental factors
might also be significant, allowing them to be classified by their

importance.

4.3 | Vulnerability and reconstitution of
communities

Many soil invertebrate species have become extinct, even before it
was possible for them to be collected and described by taxonomists
(Lavelle & Lapied, 2003). Earthworm communities lose species as a
consequence of the conversion of pristine ecosystems to agricul-
tural land. Peregrine species with world-wide distributions replace
the many local species that are unable to compete successfully in
such altered environments. Termite communities also suffer from
simplification associated with deforestation, whereas ant commu-
nities seem better able to adapt to disturbances globally (Decaéns
etal., 2018; Lawton et al., 1998).

A comparison of communities between the original tropical for-
est and derived cropping systems without trees shows an overall
decrease of 54% in the abundance of macroinvertebrate communi-
ties and 25% in the average number of taxonomic units. This result
allows us to verify our second hypothesis. Termites, ants and litter
transformers seem to be the most affected. In contrast, earthworm
populations might increase owing to colonization by invasive spe-
cies, especially in tree-based cropping systems. In temperate re-
gions, cropped systems have c. 64% lower densities than grasslands,
but densities are almost equal to those in forests. The differences
that occur between forests and grasslands might be a consequence
of recent climatological changes. The last glaciation, some 25,000
years ago, left bare soils in the Northern Hemisphere that were ini-
tially covered with grasslands, which might have become the eco-
system where communities first recovered, rather than the forest
that developed later. Mixing many allochthonous coniferous forests,
which produce low-quality leaf litter, with natural deciduous forests
might also explain part of this trend.

Beyond this general loss of biodiversity and abundance in agri-
cultural systems, the high plasticity and reactivity of communities at
local scales suggest that rapid recuperation is possible in ecosystem
restoration operations or during shifts from conventional to organic
agriculture. Examples have been described commonly from both
temperate and tropical areas (Curry & Good, 1992; Mathieu et al.,
2005; Velasquez et al., 2012). These restored communities might
not have the same biodiversity and global functional profile as the
original ecosystem, but their effects on such basic soil properties as
macro-aggregation and soil-based ecosystem services are immedi-
ate (Velasquez & Lavelle, 2019).
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4.4 | Connectedness

Analysis of networks in communities has shown that connectivity
(the interdependence of populations) is maximal and modularity
(the existence of independent groups of interacting populations)
minimal in communities with reduced abundance and taxonomic
richness. This contrasts with results of the study by Morrién et al.
(2017), who showed that connectivity diminished with increasing
soil disturbance. A possible explanation might be that highly devel-
oped communities (found where suitable conditions prevail) have
high modularity. This means that they are divided into a number of
subcommunities with closely associated species (sometimes rare
species) or species combinations within specific small-scale condi-
tions (Margerie et al., 2001). In disturbed systems at landscape to
regional scales, communities are under stress, and homogenization
has occurred. This leads to simpler communities, with large numbers
of ubiquitous species and few of the most vulnerable specialist and
rare species. The reasons why they become more connected has not

yet been explored.

4.5 | Nextstep

The high sensitivity of macroinvertebrate communities to environ-
mental conditions and the rapid changes that occur in field experi-
ments (Velasquez et al., 2012) suggest that community-level analysis
might provide particularly good indicators of soil quality. Significant
associations between macroinvertebrate communities and soil
(physical, chemical and morphological) data have been reported
regularly (Lavelle et al., 2014; Rousseau et al., 2013; Velasquez &
Lavelle, 2019). A further step would be to calibrate the general indi-
cator extracted from macroinvertebrate communities against similar
indicators of chemical, physical and morphological quality, looking
for general patterns. Contrasting macroinvertebrate indicators de-
rived from soils with sparse, low-diversity communities with those
that are diverse and fully developed has shown that healthy soils
always have higher macroinvertebrate indexes (Grimaldi et al., 2014;
Lavelle et al., 2014).

An interesting further step will be to identify which level of tax-
onomic precision provides the best indicator values and to test the
statement made by Nahmani et al. (2006) that large taxonomic units
are better indicators than species.

The ultimate goal of this research should be to provide farmers
and other soil managers with easy tools to assess soil quality and
measure the impact of agricultural practices on the provision of soil-
based ecosystem services. Field operators generally have a fairly
good knowledge of the local macroinvertebrate communities and
might readily be trained in sampling and identifying a small number
of key indicator taxa.

Finally, plant community management is a key practice to develop
in agroecological farming systems that would benefit from having
active and diverse soil macroinvertebrate communities. The design

of efficient associations of crops and companion plants requires a
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clear understanding of the relationships between above- and below-
ground communities, and faunal indicators could be used to orien-

tate relevant methodological developments (Chave et al., 2014).

5 | CONCLUSIONS

As expected, macroinvertebrate communities were found to be very
sensitive to climatic and soil conditions in their environment. However,
surprisingly similar patterns of composition in terms of large taxo-
nomic groups can occur in very different geographical areas. The five
clusters identified all include sites from both temperate and tropical
regions. This shows the importance of all environmental conditions in
determining the abundance and diversity of macroinvertebrate com-
munities and the consequences of agricultural practices. Although
the present study emphasizes the general importance and plasticity
of soil macroinvertebrate communities, their general absence in soil
functioning models and agricultural practices is a serious obstacle to
designing realistic modelling scenarios and forecasts (Bottinelli et al.,
2015; Filser et al., 2016). Their fundamental roles as ecosystem en-
gineers and key actors of self-organized soil processes need further
clarification and recognition, well beyond the reductionist vision of
their roles in energy and nutrient fluxes in food web processes pro-
moted in a large number of publications (276 vs. 36 for ecosystem
engineers) (Blouin et al., 2013; Folgarait, 1998; Jouquet et al., 2011).
The overall functioning of the compartment of the litter-transforming
populations and a more complete understanding of connectivity
processes within the litter and soil systems need more research.
Biochemical engineering that operates through the release of signal
molecules by invertebrates and microorganisms within the soil in-
creasingly appears to be another highly promising avenue of research
(Chave et al., 2014). Modulation of plant gene expression via complex
invertebrate-microorganism-root interactions is now widely rec-
ognized as a consequence of the self-organization mechanisms that
occur in soils (Blouin et al., 2005; Jana et al., 2010).

A comprehensive understanding of underlying mechanisms will
sustain the next generation of agricultural practices that will aim to
optimize the management of soil biological potential (Blanchart &
Trap, 2020). The development and use of general community pro-
files and indicator taxa by farmers is another priority goal for re-
search. Such tools developed by scientists and other fieldworkers
will allow measurement of the different ecosystem services pro-
vided by soils and the use of this knowledge to sustain novel public
policies and thereby support the next generation of sustainable ag-
ricultural practices.

Beyond these immediate practical issues, the Macrofauna da-
tabase will allow the inclusion of macroinvertebrate communities
in global to local comparisons of distribution patterns of different
groups of organisms, soil-dwelling microorganisms, micro- and me-
sofauna and plants. Hence, it is expected that different patterns will
appear in the relative importances and functional profiles of the
groups, determined by environmental conditions. Although general
climatic conditions are always expected to predominate, general soil

chemical and physical fertility and the quality of organic resources

provided by plants should be important modifiers in final patterns.
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