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Abstract

Background Agroforestry systems have enhanced di-
versity of cultivated plants compared to monocultures,
and are expected to affect associated biodiversity. De-
spite a growing body of literature on the importance of
soil fauna, the known effects of different agroforestry
types on soil fauna communities and functions have not
yet been synthesized.

Scope We scanned publications on soil fauna in agro-
forestry systems. Our aim was to give an overview of
strengths and weaknesses of the existing data, in terms
of spatial coverage and representation of diverse agro-
forestry types and soil fauna groups and functions.
Conclusions Our database includes sixty-seven articles,
mostly focusing on tropical regions and perennial crop
agroforestry systems. Soil macrofauna are the most
studied fauna group. The most common question
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addressed is the comparison of the effect of land use
types on communities. Effects on fauna abundance and
diversity are mainly positive when agroforestry is com-
pared to cropland, and neutral or negative when com-
pared to forests. Few publications actually measure soil
fauna functions, or characterize their interactions and
evolution in time and space depending on system design
and management. Further work on soil fauna in agro-
forestry should harness ecological theory and address
questions of spatial structure and scale, temporal dy-
namics and ecological interaction networks and how
they determine ecosystem functioning.
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Introduction

Agroforestry systems are examples of mixed species
cropping systems that increase “planned biodiversity”
compared to monocultures, with expected effects on
“associated biodiversity” (Vandermeer et al. 1998;
Malézieux et al. 2009) or “unplanned” diversity of mi-
croorganisms, plants and animals. Agroforestry, broadly
defined as tree presence in agricultural landscapes is of
high significance worldwide, with an estimated 43% of
global agricultural land (ranging from 9% in North Africa
and Western Asia to more than 95% in Central America)
affected by a tree cover of more than 10% (Zomer et al.
2014). It can be expected to have specific effects on soil
biodiversity (Barrios et al. 2018). Firstly, trees provide
specific habitats due to their perennial above- and below-
ground structures. Secondly, they have a strong impact on
the heterogeneity of plot microclimate as has been widely
documented (e.g. Monteith et al. 1991; Hawke and
Wedderburn 1994; Singh et al. 2012). Temperature vari-
ations are buffered under tree canopies, with lower max-
ima due to radiation interception, higher minima and a
lower average temperature than outside tree influence
(Chen et al. 1999). Soil moisture and air humidity are
generally higher in presence of tree cover due to reduced
temperatures and therefore reduced evaporative demand,
and soil cover due to tree litter and wind attenuation
(Vigiak et al. 2003) that reduce soil evaporation rate.
These modifications of microclimate vary seasonally ac-
cording to tree phenology and morphology, and can
modify the associated biodiversity and fauna activity by
habitat diversification (e.g. Martin-Chave et al. 2019).
Thirdly, the presence of trees, and sometimes of associ-
ated grass strips or patches, leads to local concentrations
of organic resources from above-ground and below-
ground litter production, leading to local increases in soil
organic carbon (e.g. Cardinael et al. 2017) and nutrient
contents (Palm 1995; Young 1997). Soil microbial func-
tioning is modified according to distance from trees as
shown by Guillot et al. (2019), likely due to these spatial
gradients in organic resources and in their biochemical
quality. Soil structure and aggregate stability can be im-
proved under tree lines (Udawatta et al. 2008), no doubt
leading to spatial heterogeneity in soil microhabitat char-
acteristics. Biodiversity of adventitious plants and soil
organisms can be expected to respond to such gradients.
Finally, above-ground tree litter can also provide soil
cover and associated microhabitats and refuges for epi-
geic soil organisms.
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Soil fauna play important roles in agroecosystems, as
crucial actors of the four aggregated and interrelated
functions that determine soil health (Kibblewhite et al.
2008). Microbivorous microfauna (in particular nema-
todes, protozoa) and detritivorous meso- and macrofau-
na (collembola, acari, diplopoda, earthworms, various
insects...) modulate and/or complement the activity of
saprotrophic microorganisms to determine carbon trans-
formations in the soil. Through the same process, these
organisms are also strongly involved in nutrient cycling.
The soil “ecosystem engineer” macrofauna (earth-
worms, ants, termites) play a major role in soil structure
maintenance (Jouquet et al. 2006), while many
biocontrollers from the different size categories
(microbivorous and carnivorous nematodes,
collembola, predatory mites, ground or rove beetles,
and centipedes, for instance) are involved in biological
regulation. The effects of different agricultural systems
and agricultural practices on the abundance, activity,
taxonomic and functional diversity of soil fauna are
therefore highly relevant (Giller et al. 1997) and are
being investigated by a number of soil agroecologists
(Blanchart et al. 2006; Ponge et al. 2013; Pelosi et al.
2014a, b; Henneron et al. 2015). However, although a
number of review articles have addressed the relation-
ship between agroforestry practices and soil health
(Schroth 1998; Hartemink 2005; Jose 2009; Lorenz
and Lal 2014; Dollinger and Jose 2018), only one has
focused on the effects of agroforestry on soil fauna and
the functions they perform (Barrios et al. 2012).

Barrios et al. (2012) reviewed the tropical literature to
synthesize the effects of agroforestry on soil fauna and
functioning. Using a set of studies that compared agro-
forestry systems to continuous cropping in the tropics,
they found that the mean density of individuals for 7 soil
fauna groups belonging to the micro, meso- and macro-
fauna was multiplied by a value ranging from 1 to 6.1 in
agroforestry. However, the small number of studies
considered (7 publications) led them to preach caution
in generalizing these results to tropical agroforestry in
general, known for its diversity of systems including
among others shaded perennial crops of cocoa and
coffee, tropical homegardens, slash and mulch, shaded
pastures, hedgerow alley cropping and high diversity
agroforests. Additional systems in temperate regions
include alley cropping with wider spacing of tree rows
and mediterranean silvopastoral systems. Seven years
after the Barrios et al. (2012) review, the question thus
remains of how much stabilized knowledge can be



Plant Soil (2020) 453:29-44

3]

extracted from the existing literature about the way soil
fauna and their functions are affected by a diversity of
agroforestry systems around the world.

We reviewed the published data about soil fauna in
agroforestry systems, to assess the current extent of the
knowledge gap about the way agroforestry shapes soil
faunal communities and their roles in agroecosystem
functioning. We chose to define agroforestry systems
following Somarriba (1992) as satisfying three condi-
tions, 1) including at least two plant species that interact
biologically, 2) at least one of the plant species is a
woody perennial, 3) at least one of the plant species is
managed for forage, annual or perennial crop produc-
tion. Thus, we excluded mixed-species forestry planta-
tions. In addition, we chose to narrow our focus on
systems that involve simultaneous growth of at least
two strata of vegetation, excluding systems known as
“sequential agroforestry” (Torquebiau 2000). Our aim
was to determine how much research effort had been
made in different regions of the world, on different types
of thus-defined agroforestry, and whether global pat-
terns of response arise for soil fauna and the different
functions of soil fauna.

Identification of relevant literature

We used Web of Science (Clarivate Analytics) using the
following keywords to define three corpus, i.e. papers
written in English and dealing with invertebrates (re-
quest 1: keywords macrofauna; mesofauna; microfauna;
earthworm; woodlice; slug; snails; mollusks; insect;
spider; centipede; termite; ant; larvae; millipede; mite;
collembola; nematode; microarthropod; arthropod; pro-
tist; ecosystem engineer; pest; natural enemy; detritivor;
predator; bacterial-feeder; bacterivor*; fungivor*;
dwelling), papers dealing with agroforestry (request 2:
keywords alley; agroforestry; silvoarable; silvopastoral;
parkland; graz* AND woodland) and those dealing with
soil (request 3: keyword soil).

We then combined these three corpus and the search
yielded 388 manuscripts (last search made on August
22, 2019). All the manuscripts were read to assess
whether they fell in the scope of this literature review,
i.e. whether they contained original datasets of soil
macrofauna abundance, diversity and/or functions in
agroforestry systems. For this review we chose to re-
strict what we considered as agroforestry systems to
agricultural or pastoral systems structured in at least

two strata, and including trees at all times. Among the
agroforestry types identified by Torquebiau (2000), we
therefore included “crops under tree cover”,
“agroforests” (except for “mixed woodlots”),
“agroforestry in linear arrangement”, and “animal
agroforestry” and excluded “sequential agroforestry”.
Mixed-species forestry plantations were also excluded.
Seventy-four manuscripts were selected in this way
(Supplementary data S1).

Knowledge extraction

We extracted information on (i) the general research
question, (ii) the type of agroforestry under consider-
ation, (iii) groups of soil fauna considered, (iv) the
method used to detect effects of agroforestry on soil
fauna, (v) effects observed on soil fauna abundance or
diversity and, when available, the associated soil func-
tions that were influenced by soil fauna.

General research questions were identified in two
stages. Two main research question categories were
identified prior to reading the publications:

1) Characterization of a soil fauna community in an
agroforestry system and

2) Characterization of a function associated to soil
fauna in an agroforestry system.

For both questions, 4 sub-questions were also
identified:

a) Effect of agroforestry, as compared to a control;

b) Response to design or management of the agrofor-
estry system;

¢) Seasonal or spatial heterogeneity within the agro-
forestry system and

d) Long-term changes during agroforestry system
development.

Each article was read and attributed to any number of
these categories. This screening also allowed the identi-
fication of additional questions that were not expected a
priori (Table 1).

Concerning the type of agroforestry under consider-
ation, we adopted a 2-stage operational classification
system inspired from Sinclair (1999). First, three major
types were identified according to system components:
silvoarable (defined by the presence of at least one
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Table 1 Number of articles addressing the main research ques-
tions and sub-questions we identified, prior to reading the literature
and in 2 cases a posteriori (in italics)

Number of
articles

Main research questions

1) Characterization of a soil fauna community in 51
agroforestry systems
a) Effect of agroforestry system compared toa 32
control
Comparison of several land use types, among 19
which agroforestry
b) Response to design and/or management of 17
agroforestry system
¢) Seasonal or spatial heterogeneity within the 8
agroforestry system
d) Long-term changes during agroforestry 3
system development

2) Characterization of soil fauna functions in 17
agroforestry systems
a) Effect of agroforestry system compared toa 11
control
b) Response to design and/or management of 2
agroforestry system
¢) Seasonal or spatial heterogeneity within the 6
agroforestry system
d) Long-term changes during agroforestry 0
system development
Soil quality assessment 7

herbaceous crop and absence of livestock grazing),
silvopastoral (defined by the presence of livestock graz-
ing), and perennial crop agroforestry systems (defined
by the absence of herbaceous crops). Secondly, systems
were categorized as including low, medium or high
species richness of crops (2, 3-5, or> 6 species respec-
tively; timber-producing species included), and accord-
ing to their spatial structure (trees aligned in rows or
not). Crop species richness was recorded when possible
but in many cases the exact number of species was not
given in the manuscript, which is why we used catego-
rization. The hypotheses underlying this second stage of
classification were that 1) planned crop diversity could
affect soil fauna by affecting habitat and resource diver-
sification and 2) the spatial structure of the agroforestry
plot would affect intra plot heterogeneity in habitats and
resources, thereby affecting the spatial structure and
diversity of the soil fauna community (Ettema and
Wardle 2002).

Secondly, we categorized articles as focusing on any
combination of microfauna, mesofauna or macrofauna.
Articles focused on a specific taxonomic group were
attributed to the dominant size-group of the taxon (e.g.
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an article dedicated to termites was attributed to articles
studying macrofauna).

Regarding the method used to detect effects of agro-
forestry on soil fauna, we noted whether one or several
control plots were studied and which land use they
represented (crop, pasture, forest), or whether the study
examined a gradient of sampling sites within or between
studied plots.

A subset of 51 publications provided enough infor-
mation to assess the effect of agroforestry on soil fauna
abundance and/or diversity. The effects were catego-
rized as positive, neutral or negative compared to the
corresponding control plot(s). A positive effect signified
that the agroforestry system significantly increased fau-
nal abundance or diversity (whether the effect is viewed
as beneficial or not, e.g. an increase in the abundance of
a crop pest in the agroforestry system would count as a
positive effect).

Finally, only functions that were explicitly linked to
soil fauna in the study were selected. We categorized
soil functions according to Kibblewhite et al. (2008),
into “C transformations”, “Nutrient cycling”, “Soil
structure maintenance” and “Biological regulation”,
and added a fifth function “Crop production”.

Main questions addressed in studies about soil fauna
in agroforestry systems

Most studies aimed to identify the effect of land use on
abundance and/or diversity characteristics of a soil fauna
community, either with a specific focus on the effect of
agroforestry systems in particular (32 articles, Table 1),
or including one or several agroforestry systems in a
comparison of different land use systems of a given
region (19 articles), sometimes taking into account eco-
logical gradients due to elevation for example (e.g.
Karungi et al. 2018). Some of these studies pinpointed
one particular taxon, like dung beetles (e.g. Giraldo et al.
2011; De Farias et al. 2015; Gomez-Cifuentes et al.
2019) or ants (Delabie et al. 2007) with an emphasis
on conservation issues, while others had a multitaxa
approach on the macrofauna and/or mesofauna commu-
nity (e.g. Barros et al. 2002; Rahman et al. 2012). Two
studies encompassed all three size categories of soil
fauna (Yeates et al. 2000; Vanhove et al. 2016). In some
cases the question was broader as it aimed to evaluate
the effect of land use on soil quality rather than on soil
fauna community assembly (7 articles). For instance,
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Rousseau et al. (2013) used a detailed description of the
soil macrofauna community to identify specific taxa that
illustrated the effects on soil quality of the Quesungual
slash-and-mulch agroforestry system in Nicaragua. Giv-
en the diversity of agroforestry systems and of soil fauna
organisms, there is still room for further studies address-
ing these questions, particularly in under-represented
regions and systems (e.g. North America and Asia,
silvopastoral systems in Africa; Fig. 1).

Management and design of agroforestry systems and
their effects on the soil fauna community were investi-
gated in 17 studies. For example, the effects of different
levels of shade on soil functioning in tropical perennial
systems (coffee and cocoa agroforestry systems in par-
ticular) were studied in 4 articles. The specific effects of
different shade tree species on soil fauna assemblages
were reported for instance by Barros et al. (2003). A few
scattered articles investigated the effect of specific man-
agement practices such as fertilization (e.g. Vohland and
Schroth 1999) or pesticide application (e.g. Norgrove
et al. 2009; Wielgoss et al. 2010) in agroforestry sys-
tems, or of shrub control options in silvopastoral sys-
tems (e.g. Azul et al. 2011). Two publications looked
into the effects of tree addition in existing land use:
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Fig. 1 Worldwide distribution of the agroforestry systems
retained in the present literature review. The bar chart represents
the number of articles related to soil fauna in the three types of
agroforestry systems (perennial crop, silvopastoral, silvoarable

establishment of tree islands in oil-palm plantations in
Indonesia (Teuscher et al. 2016) or addition of shade
trees in old-growth cocoa plantations (Vanhove et al.
2016).

The inherent heterogeneity of agroforestry systems
was relatively poorly represented as only 8 publications
provided data on seasonal and/or spatial distribution of
soil fauna within agroforestry plots (most notably Price
and Gordon (1998) and Garcia-Tejero and Taboada
(2016)). Finally, only three manuscripts addressed me-
dium to long-term temporal changes in soil communi-
ties with the growth and development of agroforestry
systems, two of which contained data from the same
silvopastoral row agroforestry study site in New
Zealand (Yeates 1988; Yeates et al. 2000), while the
third focused on the alleviation by trees of long-term
continuous cropping-related soil degradation in Kenya
(Kamau et al. 2017).

Despite the general recognition in manuscript intro-
ductions of their importance in agroforestry, soil fauna
functions were only investigated in 17 publications,
among which 7 focused on the prevalence of agricultur-
al pests (for instance slugs, in Griffiths et al. (1998) or
plant parasitic nematodes, in Adekunle (2009)) and

| [ sivoarable systems
{ . Silvopastoral systems
| .Trees+perennia| crop(s) ...

4 6 8
Number of studies

systems) per country. The countries represented in dark green on
the map are those mentioned in at least one of the 74 papers
included in our analysis
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sometimes on their predators (e.g. Martin-Chave et al.
2019). Eleven of these papers compared a function in
agroforestry plots and control plots, and 6 assessed its
spatial and or seasonal distribution. Only 2 papers ad-
dressed effects on these functions of agroforestry design
or management. No study assessed long term changes in
soil fauna functions with agroforestry system develop-
ment. Lastly, we noted one publication that related to
anthropological issues by questioning smallholder
farmers’ knowledge about soil macrofauna and its rela-
tionships with system components and functioning
(Pauli et al. 2012).

Agroforestry system diversity

Regarding the types of agroforestry systems represented
in the manuscripts, silvoarable and perennial crop agro-
forestry systems were the most studied with 44% and
36% of the studies respectively, compared to the rela-
tively low number of studies focusing on soil fauna in
silvopastoral systems (20% and 13 publications)
(Table 2). A partial explanation could be that some
silvopastoral studies are not qualified as such or as
agroforestry studies, and were therefore missed by our
literature survey, but an additional search with keywords
“dehesa” or “montado” for instance did not yield new
papers. Another explanation may be that soil biology is
not regarded as a main driver of pasture ecosystem
performance contrarily to soil physical quality (and
mainly soil bulk density in response to trampling). It
can be seen as paradoxical since for example macrofau-
na is known through its bioturbation activities, to be able
to alleviate some of the negative effects of soil compac-
tion (Capowiez et al. 2012).

45% of the studies dealing with soil fauna in agrofor-
estry systems were carried out in systems based on a low
planned botanical diversity with only 2 species, the crop

Table 2 Contingency table of the number of publications dealing
with soil fauna in agroforestry systems according to type of

and the tree. Fewer studies were carried out in medium or
high diversity systems (28% and 27% respectively)
(Table 2). This could indicate that soil fauna is considered
as an interesting lever in intensive systems with low bo-
tanical diversity.

The 74 retained manuscripts report data from twenty
three countries on almost all continents, reflecting the
global importance of agroforestry systems (Fig. 1). Central
and South America are particularly well represented in the
literature, with Brazil being the only country where soil
fauna has been studied in the three main types of agrofor-
estry system. Temperate regions have no equivalent of the
perennial crop agroforestry systems of South America and
Central Africa, but several studies have been published on
silvoarable and silvopastoral systems in western Europe.

A remarkable diversity of systems is represented. Well-
represented systems include shaded coffee (10 articles
from 5 countries: Ethiopia, Indonesia, Costa Rica, Uganda,
Panama) and cocoa systems (13 articles from 6 countries:
Costa Rica, Indonesia, Brazil, Mexico, Cameroon, Malay-
sia). Slash-and-mulch agroforestry systems from Central
America, presented as an alternative to the traditional
slash-and-burn with a shorter fallow period, are also very
well represented with 7 articles. Tropical silvopastoral
systems are studied in 8 papers from 4 Central- and
South-American countries and 2 African countries, mir-
rored by 10 temperate (New Zealand, Canada, Australia)
and Mediterranean (Spain, Italy, Portugal) articles. Tem-
perate alley cropping systems with wide spacing are rep-
resented in 5 publications while Nigerian tropical hedge-
row alley cropping systems are studied in 4 papers. More
anecdotal systems include tropical homegardens (Rahman
etal. 2012; Lakshmi and Joseph 2017), tropical multistrata
successional agroforests from the Brazilian Mata Atlantica
biome (Cezar et al. 2015), temperate alley cropping with
market gardening (Martin-Chave et al. 2018), tropical
market gardening with shade trees (Adekunle 2009;
Guenat et al. 2019), and various Chinese systems like

agroforestry (rows) and diversity of the vegetation (planned diver-
sity, columns)

Low diversity Medium diversity High diversity Total
Perennial crop 15 2 23
Silvoarable 12 10 28
Silvopastoral 2 5 13
Total 29 18 17 64

Not all the selected papers could be used in this table due to insufficient information provided
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prickly ash intercropped with sweet pepper (Wang et al.
2018) or jujube intercropped with wheat (Liu et al. 2016).

Other regions are however very poorly represented,
possibly due to a scarcity of agroforestry systems for
example in North America, eastern Europe, and Austra-
lia, or to a lack of published studies on soil fauna in
existing systems like Faidherbia albida parklands in the
Sahel region of Africa. Note that some regions with
significant research efforts are no doubt under-
represented in this literature survey, as some studies
are published in local sources and not referenced in
Web of Science.

The temporal dynamics of the number of studies
published showed a contrasted situation after 2005 be-
tween studies carried out under temperate or non-
temperate parts of the world (Fig. 2). While the dynam-
ics were slow and very similar up to 2005, the number of
publications then increased sharply in non-temperate
regions with on average 3 publications per year and in
contrast remained very slow in temperate regions. This
trend is possibly linked with the increasing appraisal for
soil biology studies and the ecosystem services they are
responsible for in tropical ecology (Marichal et al.
2014). Another explanation could be that sustainability
issues related to tropical agricultural expansion have
recently sparked more interest among funding agencies.

Methods and designs used to assess the effects
of agroforestry on soil fauna

In relation with the diversity of agroforestry systems, we
observed a variety of designs applied to detect the

Fig. 2 Publication dynamics on

soil fauna in agroforestry systems,
in mediterranean, temperate, and

tropical or subtropical climates

IS
S

20+

Cumulative # of publications

@ Tropical

effects of these systems on soil fauna. Basically, agro-
forestry can be seen as a mixture of crops (pasture,
arable or perennial) and trees (present before the crops
or intentionally planted). Thus control plots could be
either (natural) forests or an open pasture or crop mono-
culture, or both. Most of the time the forest is considered
as a positive control with higher biodiversity and low
influence of anthropogenic perturbations, whereas the
crop or open pasture is viewed as a negative control with
reduced biodiversity and generally higher management
intensity (involving tillage, pesticides, fertilizers...). In
our literature review, we found that 31% of the studies
did not include control plots, either because they did not
test an effect of agroforestry on the soil fauna commu-
nity, or because they relied on the existence of a gradient
within the plot (for example distance from the trees) to
do so. For example, Hauser et al. (1998) mainly focused
on casting activity from the hedgerow to the middle of
the alley crops. Most studies used a crop monoculture or
a forest plot as control plot (respectively 35 and 25
studies, or 67% and 48% of the studies with a control),
while 8 studies or 15% used a pasture. Nine studies used
both crop monoculture and forest control plots, while
one study used all three (Suarez et al. 2018). The choice
of the relevant control plot is far from neutral; for
example the abundance of some soil fauna groups like
earthworms is generally lower in forests than in pasture
systems with relatively low management intensity
(Edwards and Bohlen 1996; Rossi and Blanchart 2005).

Within-plot heterogeneity is another characteristic of
agroforestry systems that can have a large influence on
soil fauna, be it intentional (trees in rows) or not (het-
erogeneous development of trees). In most intensive

Climate pe
©- Temperate /
® Mediterranean

2000 2010 2020
Years
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agroforestry systems with trees in rows, grassy strips are
present under the line of trees where mechanization is
impossible or difficult. The presence of grassy strips
(managed or not) can modify the structure and abun-
dance of soil communities, as proved by studies that
focused on the effects of grassy field margins in arable
land on soil fauna (Smith et al. 2008) and in particular
on carthworms (Nieminen et al. 2011; Crittenden et al.
2015). We found 13 studies for which the presence of
grassy strips was mentioned but only 9 in which they
were taken into account to assess the effects of agrofor-
estry systems on soil fauna. In these studies, linear
transects of traps or samplings points were used between
these grassy strips and crop alleys (using several dis-
tances). In some rare occasions, a double transect was
used to consider as well a possible effect of trees within
the grassy strips (thus using several distances between
the trees). It is worth noting that all studies that men-
tioned grassy strips were under the silvoarable system
and 75% were located under temperate climates.

A large number of soil fauna taxa are present in the
database, with widely differing levels of taxonomic
resolution for the presentation of results. For most
faunal groups and studies, we could not reduce the
number of categories by making an a posteriori attri-
bution to a functional group, as this would require
genus or sometimes species level identification. The
data are furthermore scattered between a large variety
of agroforestry systems throughout the world, which
in many cases were imperfectly described, with pre-
cise information lacking on the plant species present
and on the spatial distribution of trees and crops, as
well as on grazing and tree or crop management
practices. For these reasons, in addition to the relative
paucity of available data, a meta-analysis would have
produced inherently limited and flawed results.

Two thirds of the studies aiming to compare ag-
roforestry systems with control plots had at least 3
true replicates of the studied treatments (as opposed
to pseudo replicates), while 15 studies had no repli-
cates and two studies had just two, making their
conclusions fragile. This statistical weakness in
study design of a third of the dataset may be due
to the fact that it is often very difficult to have
access to sufficiently large agroforestry sites (espe-
cially when effects of climate are under consider-
ation) where true replication of study plots is possi-
ble, in particular in regions where agroforestry is
still little developed.
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To deal with this problem of lack of space and thus
replication, other approaches can be applied to identify
the effect of tree presence on soil fauna. Some authors
for example studied the effect of individual trees
(allowing multiples replicates) by sampling at different
distances from a tree (Hauser et al. 1998; Doblas-
Miranda et al. 2014; Rossetti et al. 2015; Teuscher
et al. 2016); this is also the classical approach in
silvopastoral systems. Others took advantage of the
presence of intra-plot variability by characterizing the
tree density or shading in different places of the agro-
forestry systems (Pauli et al. 2010; Felicitas et al. 2018).
The rationale behind all these approaches is using gra-
dients instead of replicated plots to avoid multiplying
non-representative small plots. Such gradients can be
used based on the intra-plot heterogeneity or can also be
used and controlled between plots. For example Martin-
Chave et al. (2018) used a non-replicated design but
these plots represented a gradient of tree pruning (lead-
ing to a gradient of canopy openness). Another example
is given by the study by Yeates (1988) using plots with
different tree densities.

Beyond the comparison between systems (agro-
forestry versus control plots), some key questions
remain unanswered: to which distance will trees
have an effect? To what extent is soil biodiversity
in agroforestry systems controlled by dispersal lim-
itation and the regional species pool? Environmental
heterogeneity is an inherent originality of agrofor-
estry systems, where tree and crop compartments co-
exist side by side and potentially induce specific
spatial patterns and temporal dynamics. The spatial
structure of soil fauna metacommunities and their
interactions in agroforestry is therefore of particular
interest. This further highlights the experimental
designs that used intra-plot variability (Price and
Gordon 1998) (intended or accidental) along with
studies that focused on the effect of the existence of
tree rows (Vohland and Schroth 1999; Cardinael
et al. 2019). Most, if not all of these studies used
sampling at different distances from individual trees
or tree rows. In systems planted in rows, this ques-
tion has practical importance since the answer may
help to determine an optimal distance between rows,
along with information about the effects of shading
and root competition on crop growth and produc-
tion, and of tree rows and grassy strips on adventi-
tious plant and above-ground pest and natural ene-
my dissemination.
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Effects of agroforestry systems on soil fauna

The number of manuscripts dealing with macrofauna
(62) was much higher than those dealing with meso- or
microfauna (13 and 10 respectively), and this trend was
observed for the three main types of agroforestry sys-
tems (Fig. 3). This trend was not unexpected and some-
how reflects the number of scientists specialized on each
fauna group. It also indicates that the functions associ-
ated to macrofauna may have been first highlighted.
Microfauna was only represented by nematodes (includ-
ing free living and parasitic ones). Mesofauna were
mainly collembola (69%), acari (54%) and enchytracids
(31% of the cases). Studies on macrofauna that explic-
itly mentioned certain taxonomic groups mainly focused
on earthworms (20 articles), beetles (13) and then ants
(6), termites (5) and spiders (4). It is worth noting that in
45% of the studies only one group of macrofauna was
studied, and most of the time it was earthworms (16
articles).

Studied metrics were abundance, and in many cases
taxonomic diversity indices of specific groups of organ-
isms: species richness, Shannon diversity and Piclou
index being the most common. Abundance data were
sometimes presented for size categories (e.g. Negasa
et al. 2017 for macrofauna) but most studies identified

taxonomic groups, with different levels of precision. A
common level of precision for studies on macrofauna
and mesofauna in general was approximately class
(Oligochaeta, Arachnida, Chilopoda...) to order level
(for insects: Coleoptera, Heteroptera...) (15 studies).
Most articles that focused on a specific taxonomic group
identified to the species level (31 studies), although
species-level data were generally but not always report-
ed in the publication. A few articles grouped fauna
according to ecological categories (e.g. Bhadauria
et al. 2012 for earthworms), trophic or feeding groups
(e.g. Sauvadet et al. 2019 for nematodes, Muvengwi
et al. 2017 for termites) or eco-morphological groups
(e.g. Lakshmi and Joseph 2017 for microarthropods).
Regarding the effects on soil fauna abundance or
diversity, these effects were mostly positive (70% of
the datasets) if the control plots were crops (Fig. 4), with
response ratios mostly between 1.2 and 2 but reaching
values of up to 10. Only 2 studies reported negative
results compared to a crop control. These results are in
line with those compiled by Barrios et al. (2012), who
found response ratios varying from 1 to 6 for 6 groups of
macrofauna, 2 groups of mesofauna and 2 groups of
microfauna. Effects were however mostly neutral (40%
of the datasets) or negative (28%) if the control plots
were forests. There were too few papers dealing with

Macrofauna Mesofauna Microfauna

Trees + perennial crop(s)-

Silvopastoral systems - I
0 5 10 15

Silvoarable systems -

20 0

Fig. 3 Number of articles studying the effects of agroforestry on
soil macro- (left), meso- (middle) and microfauna (right)

Botanical diversity
Low
Medium

M High

5 10 15 20 0 5 10 15 20
Number of studies

depending on the type of agroforestry system and its botanical
diversity (species richness)

@ Springer



38

Plant Soil (2020) 453:29-44

Effect of agroforestry
on soil invertebrates
.negative

Crop- neutral

Pasture

Ecosystem used as reference

Forest-

0 10 20 30 0

positive

20 30 0 10 20 30

Number of studies
Fig. 4 Number of articles showing positive, neutral or negative effects of agroforestry on soil macro-, meso- and micro-fauna according to

three types of reference (forest, crop or pasture)

pastures as control plots to draw a trend. Articles focus-
ing on the most represented group, i.e. earthworms,
reported similar results: positive effects of agroforestry
compared to a crop control in 9 of 13 datasets, but also
compared to a forest control in 4 of 8 datasets since
earthworm abundance is generally low in forest soils.

Interestingly, the only three studies reporting nega-
tive effects compared to crop or pasture control plots
were all carried out in temperate climates, while all
tropical and mediterranean studies with a crop or pasture
control reported positive or neutral effects of agroforest-
ry (Fig. 5). All but one of the comparisons to a forest
control plot were made in tropical or subtropical
climates.

We expected to find a number of articles using stud-
ies on soil fauna in agroforestry to contribute to the
general debate about interactions between above-
ground and below-ground diversity (Eisenhauer et al.
2011); and indeed, some reported datasets could have
been interpreted in this light. However, we only found
one paper that explicitly addressed this question, and in
the specific context of pest regulation (Poeydebat et al.
2017). A similar number of datasets, respectively 27 and
29, concerned “high” (>5 plant species) versus “low” (2
species) diversity agroforestry systems (Fig. 3). Positive
effects of agroforestry were more frequent in low

@ Springer

diversity systems (72% of cases) than in high diversity
systems (41%), but this comparison is flawed as the low
diversity systems were mostly compared to a crop con-
trol while the high diversity systems were more often
compared to a forest control. In fact a fairly similar
proportion of low, medium and high diversity agrofor-
estry plots showed a positive effect when they were
compared to a crop control (15 in 19, 3 in 7 and 4 in 6
studies respectively).

The few studies reporting data on spatial heterogene-
ity in agroforestry soil fauna communities did not show
systematic effects. In temperate alley-cropping systems
in Canada, earthworm abundances were either higher or
lower in the tree rows than in the crop alleys, depending
on the tree species and on the season (Price and Gordon
1998). In similar systems in the United Kingdom, more
arthropods were found in the tree rows than in the crop
alleys (Park et al. 1994). Likewise in 13 French
silvoarable systems, all earthworm ecological categories
were more abundant in the tree rows than in the crop
alley, however the authors interestingly observed that
body mass was lower in the tree rows (Cardinael et al.
2019). In a Canadian site where trees were intercropped
with forage crops, distance to trees did not affect oribatid
mite abundance or species diversity (Doblas-Miranda
et al. 2014). However sampling at different depths
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revealed an interesting tendency of trees to reduce
depth-related differences in mite communities compared
to the conventional crop.

Owing to the diversity of agroforestry types and
the studied climatic regions, one of the main dif-
ficulties is to assess the genericity of the findings.
It is thus important to highlight that some tools
such as trait-based approaches are now more and
more available, even for soil organisms (Pey et al.
2014b), that could overcome some of these limits.
The use of traits has several possible advantages.
First of all, it can allow diversity and functional
analyses when taxonomic knowledge is fragile,
which is often the case for soil organisms in many

temperate (middle) and mediterranean systems (right), according
to three types of reference (forest, crop or pasture)

parts of the world (Marichal et al. 2014). Next,
traits can help to understand how multi-trophic
communities are influenced by land-use changes
or soil disturbance (e.g. Hedde et al. 2012). Traits
can also be used at a more integrated scale either
to estimate networks of interaction between organ-
isms (Gravel et al. 2016) or to test consistency of
responses between different datasets (Pelosi et al.
2016).

Regarding their possible use in agroforestry systems
for soil organisms, different traits could be used or have
been used such as body size (Cardinael et al. 2019), or
preference for temperature or humidity and diurnal vs.
nocturnal activity (Martin-Chave et al. 2018). These

Table 3 Contingency table of the number of publications and the kind of soil functions studied in link with soil fauna in agroforestry

systems according to type of agroforestry (in rows)

Soil structure Carbon transformations Nutrient cycles Biocontrol Crop production
Perennial Crop 1 2 0 1 0
Silvoarable 7 0 4 5 2
Silvopastoral 0 3 0 0 0
Total 8 5 4 6 2
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approaches rely heavily on existing and fully available
databases of traits, the use of standardized methods
(Moretti et al. 2017) and the existence of a stabilised
thesaurus (Pey et al. 2014a). A prerequisite for a re-
analysis of published data with a trait-based approach is
that the data be accessible at the species level. This was
the case for roughly half of the articles in our dataset, but
only for a restricted number of taxa.

Finally, no study was found that analysed the effect
of agroforestry on the soil community in terms of inter-
action networks, despite their potential usefulness in soil
ecology (Morales-Castilla et al. 2015). This is however
an interesting question, i.e. whether the juxtaposition of
tree-related and crop-related soil communities leads to
effective interactions between the two, depending on
spatial design and possibly climate.

Effects of agroforestry systems on soil functions
associated to soil fauna

It is important to note that we specifically addressed
cases where the studied soil functions were associated
with soil fauna (causal links only). This is the main
explanation regarding the low percentage of studies
where soil functions were assessed (Table 3). Among
the main functions addressed we found in 36% of the
cases “Soil structure and maintenance”, and mainly in
silvoarable systems. This further emphasizes the higher
percentages of studies focusing on macrofauna and es-
pecially earthworms (and termites). This means that the
bioturbation activities of these ecosystem engineers
(Jouquet et al. 2006) were often investigated with a
strong focus on earthworm casting activities either in
response to the presence of trees (Hauser et al. 1998;
Pauli et al. 2010) but also as a specific soil feature that
could enhance soil fertility (Kang and Ojo 1996). Other
kinds of bioturbation activities such as sheeting or nest
building by termites (Cheik et al. 2019) or burrow
creation by earthworms (Bastardie et al. 2005) have
not really been investigated so far.

Comparatively, “C transformations” or “Nutrient
cycling” were only rarely assessed, in a total of 6 studies,
which illustrates the difficulty to investigate the mainly
indirect relationships between macro- or mesofauna and
soil chemical fertility. Hauser (1993) studied earthworm
casting activity and cast N, K, Ca, and Mg concentra-
tions in an alley cropping system to determine their role
in returning nutrients to the soil, and concluded that the
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earthworm-mediated flux was 3 times higher than in
control plots without trees. In contrast, in an experimen-
tal study with field-incubated microcosms with or with-
out P. corethrurus earthworms, Fonte et al. (2010)
observed a very minor effect of the slash-and-mulch
agroforestry system compared to slash-and-burn, but a
deleterious effect of the worms on C and N dynamics.
These results possibly reflect the inherent difficulty in
setting up relevant field experiments for evaluation of
fauna functions.

Few papers (8) explicitly studied “Crop production” or
“Biocontrol” which was not unexpected regarding the fact
that only a minor part of the pests have living stages below
or on the ground in comparison with pests present in the
vegetation. Interestingly, the biocontrol function was al-
ways associated with macrofauna (Araneae and
Carabidae), thus generalist predators, whereas production
(here damages) was associated with pests (slugs and nem-
atodes). Griffiths et al. (1998) found higher abundance and
diversity of slugs in temperate alley cropping than in
monocultures, particularly in grass strips but also in crop
alleys. They also found more damage to crops near tree
rows compared to other areas studied (mid row and control
plots). Kang et al. (1999) reported that alley cropping in
Nigeria had no effect on plant parasitic nematodes, but
increased non-parasitic nematode abundance. In akale crop
in Kenya, shade trees increased the abundance of predatory
beetles and spiders, but had no direct effect on aphid
predation rate, caterpillar predation rate by birds or inver-
tebrates, or parasitism rate (Guenat et al. 2019). Finally,
Martin-Chave et al. (2018) observed that the difference in
predation potential between agroforestry and control plots
depended on the time of year. One should note that only the
two latter authors actually evaluated a predation function
by using the sentinel prey technique, while the other studies
used pest or natural enemy abundance and diversity as a
proxy for the biocontrol function.

The relatively small number of studies actually
estimating soil functions associated to soil fauna is
somehow paradoxical since most of the authors jus-
tified their relevance by linking the studied fauna to
their assumed functional roles in soil. This may illus-
trate the possible negative effects of the concept of
“soil ecosystem engineer” (Lavelle et al. 2006),
where assumed postulates such as “earthworms in-
crease soil water infiltration” (Spurgeon et al. 2013)
prevent the authors from actually measuring soil
functions. We believe it is premature to use these
postulated links, in particular for very complex
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systems such as agroforestry systems with strong
temporal and spatial heterogeneity. We call for more
studies not only characterizing soil fauna communi-
ties in different, well-described agroforestry situa-
tions, but also actually measuring the functions they
supposedly perform. Such studies are vital to the
development of effect trait-based approaches aiming
to predict the effect of community changes on
agroecosystem functioning.

Most of the studies reviewed here focused on a single
soil function; just two articles reported effects on three
functions simultaneously (Fonte and Six 2010; Kang
and Ojo 1996). Very few links were explicitly made
between biodiversity metrics and soil function intensity,
although such links could be very interesting to analyse
in the case of agroforestry. Agroforestry systems offer
different situations of spatial associations of trees and
crop/pasture and the distinct faunal communities they
support, which can be expected to induce specific spatial
structures of soil biodiversity and also of interaction
networks. Relevant soil ecology questions in agrofor-
estry therefore include: how does the spatial structure of
soil biodiversity and its interactions influence ecosystem
function? and how can we integrate within and between
spatial scales to assess functions?

Conclusions

In agroforestry systems, soil ecologists have questioned
whether soil fauna communities are affected by agrofor-
estry and, a little, how soil fauna communities affect
ecosystem functioning. Agroforestry systems have in
many cases been analysed taxon by taxon, with a deter-
ministic point of view, at plot scale. This agrees with the
fact that soil fauna is mostly considered by empiricists
and generally underrepresented in theoretical work and
models (Briones 2018), both in community ecology and
ecosystem ecology.

The effect of agroforestry on soil fauna abundance
and diversity has generally been found to be positive,
when it has been compared to a cropping system without
trees. However the diversity of agroforestry types, study
focus, pedoclimatic regions and ways of representing
soil fauna communities still makes this conclusion
vague and fragile. Trait-based approaches could be a
useful tool to increase the genericity of further studies.

In generic terms, the specificity of an agroforestry
system consists in associating trees with a perennial or

annual crop, or a pasture: i.e. vegetation types that
typically harbour different soil faunal communities.
How do these different communities evolve when they
are juxtaposed as a metacommunity? What is their level
of interaction? How do these interactions depend on
spatial design, climate, plant species identity, grazing
pressure? What are the functional consequences of these
interactions for the agroecosystem? These questions
require more work on environmental heterogeneity, in-
teraction networks and fauna functions; they are crucial
for soil ecologists in general (Sutherland et al. 2013),
and agroforestry systems offer a diversity of relevant
situations to address them.
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