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Abstract: Viticulture is one of the oldest and most profitable forms of agriculture; it is also one of
the most intensive farming systems. As intensive cultivation threatens the environment, there is
increasing interest in the concept of sustainability within the wine industry, as well as new business
opportunities, as customers begin to pay more attention to environmental and sustainability issues.
Recognizing the key role of soil quality in environmentally and economically sustainable viticulture
makes it essential to understand better soil arthropod communities, given their crucial functions in
maintaining soil quality and health. The ‘Douro Demarcated Region’ (DDR) in northern Portugal
offers good potential, in regards to biodiversity, due to its significant areas of non-crop habitats.
This work aims to compile information on soil arthropod communities (both soil surface and soil-
living) collected in the DDR vineyard agroecosystems. A description of the ecosystem services
provided by them, as a basis for the development and implementation of sustainable viticulture
systems, is also an objective of this work. An important set of soil arthropods necessary for the
delivery of vital ecosystem services for viticulture, with particular reference to supporting and
regulating services, occurred in this ecosystem. Eight classes were chiefly represented in a sample
of about 167,000 arthropod specimens: Arachnida, Chilopoda, Diplopoda, Entognatha, Insecta,
Malacostraca, Pauropoda, and Symphyla. The most representative were Entognatha and Insecta in
soil-surface arthropods, and Arachnida and Entognatha in soil-living arthropods. The presence of
recognized groups as bioindicators in agroecosystems, such as soil quality indicators, is also revealed.
This knowledge is expected to contribute to a more efficient and sustainable management of the
viticultural ecosystem.

Keywords: ecosystem engineers; litter transformers; nutrients; soil-surface arthropods; soil-living
arthropods; bioindicators

1. Introduction

Most of the biodiversity of agroecosystems lies in the soil, which is the most diverse
and complex ecosystem on the planet [1,2]. Soil biota plays a critical role in delivering

Sustainability 2021, 13, 7837. https://doi.org/10.3390/su13147837 https://www.mdpi.com/journal/sustainability

https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0001-7770-4477
https://orcid.org/0000-0002-5202-881X
https://orcid.org/0000-0002-9740-6618
https://orcid.org/0000-0002-2260-0600
https://doi.org/10.3390/su13147837
https://doi.org/10.3390/su13147837
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/su13147837
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su13147837?type=check_update&version=3


Sustainability 2021, 13, 7837 2 of 35

a wide range of ecosystem services essential for the sustainable functioning of natural
and managed ecosystems [3,4]. Soil arthropods may represent as much as 85% of the soil
fauna in terms of species richness [5], play an essential role in maintaining soil quality
and health, and provide ecosystem services [6]. The main contribution of soil arthropods
to the soil is through the decomposition and humidification of organic matter. However,
they may also stimulate the microbial mineralization of soil nutrients through grazing
activity [5]. Another significant contribution of arthropods to the soil are their effects
on structural properties, namely by soil mixing, developing pores and voids, and soil
aggregate formation [5]. Being able to change the physical conditions of the soil by altering
its structure and, consequently, its hydrology, as well as its mineral and organic matter
composition, arthropods can (directly and indirectly) regulate the availability of resources to
other species [5]. Moreover, some arthropods are important predators in the soil surface and
litter layer [7,8], contributing to the regulation of pest populations. In contrast, others feed
on primary decomposers, contributing to the regulation of the composition and activity of
soil organisms [9]. Arthropods are often used to define soil quality since they are involved
in many of the soil’s ecological functions [6]. Of the various indices used as bioindicators
of soil quality, the QBS-ar (Soil Biological Quality-arthropod) index, developed during the
past few years [10], links the biodiversity of soil microarthropod communities to the degree
of soil vulnerability, and provides information on soil biological quality. Several works
have already reported the results of the QBS-ar application to several ecosystems [11–13],
including the vineyard agroecosystem [14,15].

However, soil biodiversity (and the ecosystem services it provides) are under threat
from a range of natural and manmade factors, including land-use change, agricultural
intensification [16,17], and climatic change [16].

In Central and Southern Europe, vineyards are one of the most important agroe-
cosystems [18]. Viticulture is also a vital sector of the agricultural economy of the main
wine-producing countries [19]. In the past, viticulture was usually part of a multifunc-
tional agricultural system that produced grapes and provided a diversity of ecosystem
services [18,20]. Nowadays, vineyards are among the most intensively managed agroe-
cosystems, typically involving the frequent use of phytosanitary products and a marked
mechanical imprint on the soil [19,21]. These practices lead to a loss of biodiversity and of-
ten cause severe impairment of soil functions [22,23], such as pest regulation, soil structure
disintegration, organic matter degradation, and soil erosion [19,20].

As a result, the wine-growing sector, as with the agricultural sector in general, is under
pressure to turn this intensive post-war agricultural model into a sustainable one [19].
Meanwhile, the term sustainability has already been accepted by a large number of wine-
growers and will continue to become even more widely accepted, given the recognition
that vineyards can both benefit from, and contribute to, biodiversity conservation and
ecosystem service provision, as consumers increasingly appreciate wines produced under
environmentally friendly farming practices [24].

The Douro Demarcated Region (DDR), located in northern Portugal and famous for
producing Port Wine Denomination of Controlled Origin (DOC), is considered the oldest
demarcated and controlled winemaking region in the world, and one of the most important
wine regions of the country. In the DDR, vineyards cover an area of 17.5% (approximately
43,708 ha) [25]. These vineyards are generally characterized by relatively small sizes, with
frequently adjacent areas of non-crop habitats (e.g., woodland remnants, grassy slopes, or
terraces with natural vegetation, and dry-stone walls) and soil cover with spontaneous
vegetation (which is cut at the beginning of spring) [26].

The Alto Douro Vinhateiro (ADV), a portion of the DDR with about 24,600 ha, has
been included in the list of UNESCO World Heritage Sites since 2001 as an evolving and
living cultural landscape. About 20% of this area includes scrubland (or ‘mortuaries‘),
of which one quarter consists of terraces that were abandoned after the devastation of
phylloxera, Daktulosphaira vitifoliae, in the late 19th century. These former vineyards are
now overrun with wild flora, whose importance for conserving a wide range of biota in
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agricultural landscapes is well known [26]. Currently, the integrity of the ADV prevails,
and sustainable solutions are being implemented [27], aiming to promote environmentally
friendly farming practices, protect the landscape structures, and ensure the conservation of
biodiversity and other natural resources [28].

Unfortunately, as Havlicek [29] indicated, accurate knowledge about soil organisms
and their ecosystem functions are still lacking. Often their importance is only shown
using global figures and by emphasizing simple facts that are easily understandable by the
general public. The emerging interest in sustainability within the wine industry, alongside
the recognition of the key role of soil quality [19], gives importance to the existence of
a thorough understanding of the communities of soil arthropods due to the critical role
they play in maintaining soil quality and health [6]. Thus, understanding soil arthropod
communities will help develop management plans for sustainable viticulture.

This work aims to present data on the biodiversity of soil arthropod communities in
the DDR vineyards. A description of ecosystem services provided by them is also included.
In fact, to our knowledge, this is the first study on the occurrence and ecosystem services
provided by soil arthropods associated with vineyard soils. The ultimate goal is that these
data, coming from a region of outstanding landscape characteristics, may contribute to a
deeper knowledge of vineyard soil arthropods, both soil-surface and soil-living and, thus,
to the development and implementation of sustainable viticulture systems.

2. Methods

Soil arthropod communities, focusing on both soil-surface and soil-living arthropods,
were collected in vineyards from eight farms from the Douro Demarcated Region (although
not even in the same vineyards and with the same frequency) (Figure 1, Tables S1 and S2)
between 2010 and 2018. Soil-surface arthropods (also referred to as epedaphic arthro-
pods) live and move in the soil surface or in the leaf litter [30]. Soil-living arthropods
are the ones that inhabit the voids of the soil mineral horizons beneath the litter layer
(euedaphic arthropods) or spend only a portion of their life cycle in the soil (hemiedaphic
arthropods) [30].

Figure 1. Location of the vineyards where arthropods were collected.

Soil-surface arthropods were sampled in 2010, 2013, 2014, 2015, 2017, and 2018, during
the period April to October [14,31] (Table S1). Samplings were done with pitfall traps
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installed in the center of the vineyard inter-rows. Each trap consisted of a plastic cup
(16 cm in depth and 9 cm in diameter) filled with about 150 mL of a mixture of water and
polypropylene-glycol (ratio 3:1). The traps were dug into the ground, uncovered, and kept
active for between 24 and 96 h. The arthropod specimens collected were preserved in
70% ethanol until observation.

Soil-living arthropods were sampled in the spring of 2018 and autumns of 2016 and
2018 (Table S2) when soil moisture ranged between 40 and 80% of field capacity, since
the dry conditions cause vertical migration, immobilization, and aestivation of soil micro-
arthropods [10]. Soil samples were taken using a 10 cm high and wide spade, and removed
with the aid of a hoe; they were then transported to the laboratory in plastic containers with
the same dimensions. The arthropods were extracted using a Berlese–Tullgren funnel over
seven days. An incandescent lamp (60 W) was placed 30 cm above the soil to dry it out
gradually and create an inhospitable condition for the arthropods, which moved into the
deeper soil layer until they fell into a container with a fixer liquid (mixture of 75% ethanol
and glycerol—ratio 2:1), located under the funnel [10,14].

In both cases, arthropods were counted and sorted into morphospecies and identified
by reference to the lowest taxonomic level possible following Triplehorn and Johnson [30].
Taxa described are presented in accordance with the Fauna Europaea systematic order [32].

3. Results
3.1. Abundance and Functional Roles of Soil-Surface Arthropods

A total of 121,594 soil-surface arthropods belonging to six classes (i.e., Arachnida,
Chilopoda, Diplopoda, Entognatha, Insecta, and Malacostraca) were collected (Table 1).
Entognatha was found to be the most abundant class (56.26% of the total individuals
collected), followed by Insecta (34.18%) and Arachnida (9.17%). The other classes accounted
for less than 1% of the total soil-surface arthropods: Malacostraca (0.19%), Chilopoda
(0.13%), and Diplopoda (0.07%) (Table 1).

Table 1. Abundance, relative percentage, and trophic group of soil-surface arthropods collected in
the Douro Demarcated Region vineyards, during the period studied (2010–2018) and its importance
as bioindicators.

Taxa N % Trophic Group(s) Bioindicator

Chelicerata
Arachnida 1149 9.169

Opiliones 806 0.663 omn, pred Y
Pseudoscopiones 1 0.001 pred N
Scorpiones 7 0.006 pred N
Solifugae 1 0.001 pred NA
Acari 5812 4.780 detr, pred Y

Oribatida 4054 3.334 detr
Other Acari 1758 1.446

Araneae 4522 3.719 pred Y

Crustacea
Malacostraca 229 0.188

Amphipoda 2 0.002 detr Y
Isopoda 227 0.187 detr, phyt Y

Hexapoda
Entognatha 68406 56.258

Collembola 68406 56.258 detr, omn, pred Y
Insecta 41563 34.182

Coleoptera 5610 4.614 detr, fung, phyt, pred Y
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Table 1. Cont.

Taxa N % Trophic Group(s) Bioindicator

Carabidae 2075 1.706 omn, phyt, pred Y
Chrysomelidae 252 0.207 phyt Y
Malachiidae 7 0.006 detr, omn, pred NA
Corylophidae 26 0.021 fung NA
Latridiidae 14 0.012 fung NA
Phalacridae 14 0.012 fung NA
Brentidae +
Curculion-
idae

234 0.192 detr, phyt NA

Aderidae 78 0.064 fung NA
Anthicidae 1321 1.086 detr, pred NA
Meloidae 3 0.002 phyt, pred NA
Tenebrionidae 577 0.475 detr, fung NA
Buprestidae 3 0.002 detr, phyt NA
Elateridae 139 0.114 omn, phyt, pred NA
Geotrupidae
+ Scarabaei-
dae

141 0.116 copro, detr, phyt Y

Scydmaenidae 86 0.071 pred NA
Staphylinidae 382 0.314 detr, fung, paras, phyt, pred Y
Other
Coleoptera 258 0.212

Dictyoptera 2 0.002 detr, fung NA
Embioptera
Hemiptera

5 0.004 detr NA
597 0.491 phyt, pred Y

Dictyopharidae 15 0.012 phyt NA
Cydnidae 189 0.155 phyt NA
Lygaeidae 83 0.068 phyt, pred NA
Pentatomidae 16 0.013 phyt, pred, omn NA
Rhopalidae 288 0.237 phyt NA
Scutelleridae 6 0.005 phyt NA

Hymenoptera 34869 28.677 detr, omn, paras, phyt, pred Y
Formicidae 34757 28.584 detr, omn, phyt, pred, Y
Mutillidae 89 0.073 paras, pred NA
Dryinidae 23 0.019 paras, pred NA

Orthoptera 480 0.395 detr, omn, phyt, pred Y

Myriapoda
Chilopoda 161 0.132 pred Y
Diplopoda 86 0.071 detr, omn, pred Y

Total 121594 100.000
Detr—detritivorous; pred—predator; omn—omnivorous; phyt—phytophagous; fung—fungivorous; paras—parasitoid;
copro—coprophagous; Y—yes; N—no; NA—information not available.

3.2. Abundance and Functional Roles of Soil-Living Arthropods

Concerning to soil-living arthropods, a total of 45,052 specimens belonging to eight
classes (i.e., Arachnida, Chilopoda, Diplopoda, Entognatha, Insecta, Malacostraca, Pau-
ropoda, and Symphyla) were collected (Table 2). In this community, Arachnida (45.38%)
and Entognatha (42.45%) were found to be the most abundant classes, followed by In-
secta (10.83%), Symphyla (0.67%), and Chilopoda (0.52%). Diplopoda, Malacostraca, and
Pauropoda accounted for less than 0.1% of total soil-living arthropods (Table 2).
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Table 2. Abundance, relative percentage, and trophic group of soil-living arthropods collected in the
Douro Demarcated Region vineyards, during the period studied (2016 and 2018) and its importance
as bioindicators.

Taxa N % Trophic Group(s) Bioindicator

Chelicerata
Arachnida 20444 45.381

Opiliones 2 0.004 omn, pred Y
Pseudoscopiones 42 0.093 pred N
Acari 20331 45.130 detr, pred Y
Araneae 62 0.138 pred Y
Palpigradi 7 0.016 bact NA

Crustacea
Malacostraca 21 0.047

Isopoda 21 0.047 detr, phyt Y

Hexapoda
Entognatha 19126 42.453

Collembola 18737 41.590 detr, omn, pred Y
Diplura 345 0.766 microb, pred Y
Protura 44 0.098 fung Y

Insecta 4881 10.834
Coleoptera (adults and
larvae) 813 1.805 detr, fung, phyt, pred Y

Dictyoptera (Isoptera) 47 0.104 detr, fung NA
Diptera (larvae) 303 0.673 detr, paras, phyt, pred Y
Embioptera
Hemiptera

13 0.029 detr NA
126 0.280 phyt, pred Y

Hymenoptera (Formicidae) 3282 7.285 detr, omn, phyt, pred Y
Lepidoptera (larvae) 254 0.564 phyt, pred Y
Neuroptera (larvae) 5 0.011 detr, omn phyt, pred Y
Thysanoptera 38 0.084 fung, omn, phyt, pred Y

Myriapoda
Chilopoda 234 0.519 pred Y
Diplopoda 31 0.069 detr, omn, pred Y
Pauropoda 13 0.029 detr, microb Y
Symphyla 301 0.668 detr, phyt, pred NA

Total 45052 100.000
Detr—detritivorous; pred—predator; omn—omnivorous; phyt—phytophagous; fung—fungivorous; paras—parasitoid;
bact—bacterivorous; microb—microbivorous; Y—yes; N—no; NA—information not available.

4. Review of the Systematic Groups and Their Functionality
4.1. Chelicerata Arachnida
4.1.1. Dromopoda
Opiliones (Harvestmen)

Opiliones (Figure 2e) live mostly on the soil surface, and only a few species penetrate
the upper layers of litter. Although some species require a specific diet (almost exclusively
on terrestrial snails and slugs) [33], most species are omnivorous, feeding on a wide variety
of other arthropods and invertebrates, as well as fungi and other organic debris, and juices
from soft berries and fruits [6,9]. As predators, most species seem to rely on an ambush
strategy or, more rarely, active hunting [33]. The soil-dwelling species move slowly and
have a smaller body with significantly shorter and stronger legs than those living above
the ground [6].
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Figure 2. Arachnids commonly found in vineyard soils from the Douro Demarcated Region: Acari
(Oribatida (a) and Prostigmata (b), Palpigradi (c), Pseudoscorpiones (d), Opiliones (e), Scorpiones,
Buthus ibericus (f), Araneae Gnaphosidae (g), and Dysderidae (h), and Solifugae, Gluvia dorsalis (i).

They are excellent predictors of environmental quality, given their rapid responses to
habitat change and fragmentation [34]. As predators, harvestman reflects changes in the
food web of the leaf litter habitat [35]. They are good indicators of high-quality habitats,
but not during the early stages of ecosystem recovery [35], because most species are slow to
recolonize disturbed areas [36]. However, the problematic identification and taxonomy of
this group is a disadvantage for their use as ecological indicators [6]. In the DDR vineyard
soils, the Opiliones represented about 0.7% of the total soil-surface arthropods collected
and less than 0.01% of the soil-living arthropods (Tables 1 and 2).

Pseudoscorpiones (False Scorpions)

Pseudoscorpiones (Figure 2d) occur in the soil, in leaf litter, and under the bark of trees
and logs [37] in generally stable environments [6]. They are mostly predators of springtails,
mites, and other smaller invertebrates that they can catch [37]. Even Pseudoscorpiones
have been suggested as soil quality indicators, they are generally too scarce and too
difficult to identify to be useful for indicating diversity [35]. In the DDR vineyard soils,
Pseudoscorpiones represented less than 0.01% of the total soil-surface and about 0.1% of
the soil-living arthropods collected (Tables 1 and 2).

Scorpiones (Scorpions)

Scorpiones (Figure 2f) are opportunistic predators mostly of soft-bodied insects and
other arachnids [38]. They have nocturnal habits, while during the day, they remain mainly
on the surface of the soil, hidden under rocks, in crevices, or in burrows, from where they
set out after sunset to hunt and feed [38]. Because of their low diversity and incidence in
most geographical areas, scorpions have limited potential as bioindicators [35]. In the DDR
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vineyard soils, Scorpiones consisted of less than 0.01% of the total soil-surface arthropods
collected (Table 1), and were represented by Buthus ibericus Lourenço and Vachon.

Solifugae (Camel Spiders)

Solifugae (Figure 2i) are one of the most important predators of arid environments [38].
They are voracious predators of a variety of soil-surface arthropods, principally ants and
spiders, which are captured only during the first hours of the night [39]; they live on the
soil surface, being cursorial predators (i.e., explicitly adapted to run), capable of covering
considerable distances in search of food [40]. They have a preference for habitats of a semi-
desert character [39,41], particularly sand substrate, rocks, and low and sparse vegetation
cover [39]. No literature was found on the use of this group as bioindicator; however,
like the Pseudoscorpiones and Scorpiones, due to their low incidence it is admissible
that they have limited potential as bioindicators. In the DDR, Solifugae consisted of less
than 0.01% of the total soil-surface arthropods collected (Table 1) and were represented by
Gluvia dorsalis (Latreille), an endemic species to the Iberian Peninsula, whose protection is
recommended; in Catalonia (Spain), this species has been protected by legislation since
1992 [41]. G. dorsalis is mostly limited to areas of the Iberian Peninsula with scarce summer
rain [39].

4.1.2. Micrura
Acari (Mites)

Acari are one of the most abundant, diverse, and successful soil-inhabiting
arthropods [5,9]. They have a diversity of lifestyles and eating behavior and consequently
perform different functions in the soil.

There are three main groups of soil and leaf litter mites: Oribatida, Mesostigmata,
and Prostigmata. Oribatida (Figure 2a), which are the world’s most numerous arthropods
living in the soil [42], are an important component of soil detritivores, by feeding on
a variety of leaf litter material, including bacteria and yeast, algae, fungi, and rotting
wood [42]. They live in dense clusters in the decomposing litter within the upper soil
layers. Their occurrence depends on the thickness of the soil organic horizons, the quality
of the litter, and pH values (evidently, acidified soils, and a recalcitrant litter material
improve the dominance of oribatids) [7]. Some Mesostigmata are predators, eating small
invertebrates, such as springtails and other mites; others are parasitic on vertebrates or
invertebrates [43]. Prostigmata (Figure 2b) have highly variable feeding habits, including
nematodes, other smaller arthropods and algae, fungi, and bacteria; some live on other
animals as parasites [37]. Many species of predatory mites have adapted to attack the
different prey types living in the different soil horizons [7].

It is believed that the distribution in the soil of Oribatida tends to be more aggregated
than that of the predatory mites, which is more uniform due to the behavior of some
predators that try to increase the spectrum of their prey by being more mobile [7].

Because mites play essential roles in key biological processes, they are suitable organ-
isms to be used as bioindicators of the status of the ecosystem. They also reflect changes
in soil quality, especially those due to land use practices and pollution [9], and are used
to monitor the progress of habitat management [44]. They are also sensitive to toxins and
have a role in pollution indication [45]. Oribatida are common in barely disturbed soils and
with a high organic content [46]. Thus, the abundance, species composition, and diversity
of oribatids in a particular habitat are good indicators of soil health [42].

In the DDR vineyard soils, Acari represented 4.8% of the total soil surface, and 45.1%
of the total soil-living arthropods collected (Tables 1 and 2).

Araneae (Spiders)

Araneae (Figure 2g,h) are ubiquitous predators in terrestrial ecosystems that feed
primarily on insects, although they also consume other arthropods, including other
spiders [47]. Spiders are most abundant near the soil surface and within the litter [7].
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Despite their almost uniquely predatory habits, spiders do not constitute a homo-
geneous functional group. They reveal significant behavioral diversity concerning their
different predation strategies, dispersal modes, and great ability to resist adverse ecological
conditions [48]. The soil is often used as a hunting ground for spiders, in which they use
different methods to capture prey. Some spiders are active hunters that pursue their prey;
others instead weave webs to capture prey [49]. Many others inject venom into their prey to
kill them quickly, whereas others first use silk wrappings to immobilize them [49]. Larger
species are mostly found in the soil surface or in the litter, often hiding or sheltering under
rocks and fallen wood. Some species burrow holes into the soil from which they catch their
prey. There are also a significant number of small species, which inhabit soil pores and
cavities [9].

Although it is assumed that spiders are usually generalists, being able to catch a wide
variety of prey types [50], some species specialize in hunting within a particular prey
group. Pekár et al. [51] reported six categories of stenophagy among spiders: araneophagy,
crustaceophagy, dipterophagy, lepidopterophagy, myrmecophagy, and termitophagy. In
addition, some species of spiders also mimic ants to deceive primarily their predators [52];
this is considered a case of Batesian mimicry [53], where a palatable mimic spider escapes
from predators, which have experienced unpalatable ants [54].

Since spiders are diverse, and some families are conspicuous and relatively easy to
identify, they have been used as indicators of specific habitat characteristics or habitat
change, with the potential to be used as indicators of habitat management and habitat
restoration [35]. Spiders respond to environmental changes and are highly sensitive to
even small changes in habitat structure (mainly related to vegetation) and microclimatic
factors [6]. Being among the top macroinvertebrate predators, the amount of prey ingested
by spiders depends on the total quantity of potential prey. Thus, a change in spider
composition and dominance can indicate the biological quality of the habitat [6].

Spiders have also been used as bioindicators of disturbances caused by agrochemicals,
such as pesticides, which might have negative lethal and sublethal effects on behavior
and physiological traits, such as feeding, locomotion, web building, reproduction, and
development [55]. Moreover, spiders accumulate pollutants and pesticides, and so they
can be used as ecological accumulators to indicate environmental toxin levels [35,49]. The
accumulation of pollutants, such as heavy metal concentrations, can be identified by a
field evaluation of ecosystem contaminations. Since spiders are part of the diet of reptiles,
amphibia, birds, and small mammals, they can also give valuable information on heavy
metal concentrations that could be toxic to vertebrates [48].

In the DDR vineyard soils, Araneae represented 3.7% of the total soil-surface and
0.1% of the soil-living arthropods collected (Tables 1 and 2). It was possible to identify
23 families, 66 genera, and 61 species (Table S6). The most abundant were Lycosidae,
Gnaphosidae, Zodariidae, Thomisidae, and Agelenidae (Table S3). Lycosidae was also the
most abundant family found in vineyards of Austria [56], Romania [57], and Spain [58].
According to Branco et al. [59], nine species are endemic to the Iberian Peninsula, i.e.,
Eratigena bucculenta, E. montigena, and Tegenaria ramblae from Agelenidae; Zodarion alacre
and Zodarion duriense from Zodariidae; Castianeira badia from Corinnidae; Nemesia athiasi
from Nemesiidae, Oecobius machadoi from Oecobiidae and Zelotes fuzeta from Gnaphosidae)
(Table S4). Following Cardoso et al. [60], it was possible to group the Araneae from
DDR vineyard soils into eight guilds: ground hunters, specialists (S), other hunters, sheet
web weavers, ambush hunters, space web weavers, sensing web weavers, and orb-web
weavers (Table S4). Hunting spiders were found to be the most abundant guilds in the
soil surface, which is in accordance with Eisenbeis [7], who stated that the non-web
building cursorial spiders, which actively pursue their prey, are more abundant in the
top litter layer in contrast with the web-spinning families that are more abundant in
the lower litter layers. The specialist spiders found in the DDR vineyard soils belong
to the Zodariidae and Dysderidae families. In Zodariidae, Zodarion is considered to be
adapted to hunting ants [51,61], presenting nutritional limitations if non-ant prey is used
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as food [62]; for instance, Z. styliferum hunt predominantly on Messor and Lasius ants [63].
Some species from Dysdera in Dysderidae are oniscophagous specialists (feeding preferably
on woodlice (Isopoda)); this is because such species have modified chelicerae, which can
insert themselves into the heavy armor of woodlice [64].

Palpigradi (Microwhip Scorpions)

Palpigradi (Figure 2c) dwell in moist and stable habitats [65]. They are very common
in tropical soils, while in Europe, they are rare and usually associated with caves [9]. As
with most arachnids, they were previously believed to be predators. Recently, however, it
has been shown that the European cave-dwelling species Eukoenenia spelaea is specialized in
feeding on cyanobacteria rather than invertebrates [65]. No literature was found on the use
of this group as bioindicator; however, due to their low incidence in soils it is admissible
that they have limited potential as bioindicators. In the DDR vineyard soils, Palpigradi
represented about 0.02% of the total soil-living arthropods collected (Table 2).

4.2. Crustacea—Malacostraca
4.2.1. Amphipoda (Terrestrial Amphipods)

Terrestrial amphipod species (Figure 3a) from the family Talitridae feed exclusively on
decaying vegetation [66,67]. In general, they live in litter, under logs and rocks, in unlined
burrows in the soil, which they build themselves, or in the burrows of other species [67].
They move freely, mainly at night [66], and may climb onto the vegetation (crop canopies
and ground cover) to reach dead leaves above the ground [67]. They cannot survive
in dry habitats, being restricted to relatively moist environments [67]. Desiccation and
osmotic stress caused by submergence in rainwater are referred to as the main mortality
factors [66]. Some species have been used in biomonitoring of trace metal [68]. In the DDR
vineyard soils, Amphipoda represented less than 0.01% of the total soil-surface arthropods
collected (Table 1).

Figure 3. Terrestrial amphipod (a) and terrestrial isopod (b) common in vineyard soils from the
Douro Demarcated Region.

4.2.2. Isopoda (Terrestrial Isopods)

Terrestrial isopod species (Figure 3b) from the suborder Oniscidea are most common in
environments with a high degree of humidity, moisture being an important limiting factor
in their distribution [69]. They are usually found under stones, tree logs, in the leaf litter
of woods, among grasses in meadows, and even on bushes and in the tree canopy, being
active mainly during the night to prevent desiccation [9]. In general, terrestrial isopods
are scavengers eating mostly dead or decaying plant material [37], though they also eat
dead animal remains and dung and occasionally ingest bacteria, fungi, and living plants.
Some isopod species have been observed feeding on green living tissues of several plants
and seeds of weeds or crop plants [70]. Terrestrial isopods are very good ecological and
biogeographical indicators because most of them are closely linked to the soil; they have a
low dispersal ability and are often abundant and easily recorded [9]. They are potentially
valuable indicators of the environmental quality and impact of agricultural practices [70,71].
They are also indicated as useful for the risk assessment of pesticides [72] and other



Sustainability 2021, 13, 7837 11 of 35

toxicological elements, such as heavy metals [73–75], in the terrestrial environment. In the
DDR vineyard soils, Isopoda represented about 0.2% of the total soil-surface and 0.05% of
the soil-living arthropods collected.

4.3. Hexapoda Entognatha
4.3.1. Collembola (Springtails)

Collembola (Figure 4a–c) are common in the soil, leaf litter, and other decaying dead
organic matter [76,77]. Together with Acari, Collembola make up the most abundant
arthropods in the soil and leaf litter [37].

Omnivory is probably their prevailing feeding strategy [78]. Although they are usually
highly specialized feeders on soil microbiota (fungi, bacteria, actinomycetes, algae) [79,80],
Collembola also feeds on plant litter, plant tissues [79], and animal feces [81]. Some are
occasionally or primarily carnivores feeding on nematodes or other Collembola and their
eggs [80,82] and eggs of other arthropods [83].

Figure 4. Entognatha common in vineyard soils from the Douro Demarcated Region: Colembolla
with different morphological forms (a–c), Diplura Campodeoidea superfamily with filamentous cerci
(d) and Japygoidea superfamily with cerci, with a pair of pincers or forceps (e) and Protura (f).

Some Collembola live on the surface of the leaf litter and others deeper down in the
soil. Morphological and physiological differences exist between soil-living and soil-surface
species. These differences involve the shape and size of the body, which is more slender
and smaller in soil-living species, the appendages (legs, antennas, furca), as well as eyes
and bristles, which are more reduced, and the pigmentation, which is also weaker in the
soil-living species [7,9].

Collembola are able to move vertically in the soil as well as between the soil surface
and the vegetation layer, although true edaphic species can only leave the soil under the
shelter of darkness and when the humidity is high [7]. The dynamics of their communities
are therefore closely related to environmental conditions [84]. Temperature and humidity
are determinant factors in the reproduction rate, development, and survival of Collembola
and responsible for their vertical distribution in the soil [85], especially during dry seasons
when they move to deeper soil layers [86,87] or become dormant or quiescent [77].

Because Collembola respond to a variety of environmental and ecological factors, and
because they are an integral part of soil ecosystems, present in high numbers and diversity,
they can be beneficial organisms, to be used as bioindicators of changes in soil quality,
especially those due to land use intensification [88,89], soil acidification, and nitrogen
supply [79], metal contaminations [90,91], microplastic pollution [92], pesticide use [93,94],
air pollution [95], and the effects of climate change [88,89].
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In the DDR vineyard soils, Collembola represented about 56.3% of the total soil-surface
and 41.6% of the soil-living arthropods collected (Tables 1 and 2).

4.3.2. Diplura (Diplurans)

Diplura (Figure 4d,e) usually live in the deeper layers of the soil or the litter layer,
preferring soils with relatively high and stable moisture content due to their extreme sus-
ceptibility to desiccation [7]. Diplura depend on high humidity and moderate temperatures
and are presumably very sensitive to anthropogenic pressures and climate change [96]

The superfamilies in this order have different feeding habits: Campodeoidea feed on
algae, bacteria, fungi, small fragments of litter, and dead soil animals [7,97], although they
also feed on small larvae of insects, mainly Diptera [97]. Japygoidea and Projapygoidea are
hunters, feeding on small arthropods, such as collembolans and mites, as well as nematodes
and enchytraeids [9,97]. Japygoidea use their forceps to grasp their victims [7,98] while
Projapygoidea have been observed using their cercal silk secretions to capture prey [98].

In the DDR vineyard soils, Diplura represented about 0.8% of the total soil-living
arthropods collected (Table 2).

4.3.3. Protura (Proturans)

Protura (Figure 4f) are found almost universally, where there is decaying organic
matter and sufficient moisture, essentially in the first centimeters of the soil [99,100].
Vegetation and the physicochemical characteristics of the soils may also influence their
population density [100].

Although previous authors have assumed that Protura have a predatory diet, or
subsequently, a detritivorous diet, feeding on decaying plant material [99], recent studies
have shown that they are specialized mycorrhizal feeders [101,102], feeding on mycorrhizal
hyphae by sucking up hyphal cytoplasm [102].

Protura may potentially serve as indicators for several ecological conditions in the soil.
Thus, their abundance and richness, as well as community composition, may reflect an as-
sociation with fungal communities and the presence of mycorrhiza development [101,102];
they can also reflect the level of habitat disturbance due to actions, such as urbaniza-
tion [100,103,104] and agrochemical presence or repeated mechanical disturbance [103]. In
very disturbed and degraded soils, Protura either can be completely absent [82] or only
represented by widely distributed species [100].

In the DDR vineyard soils, Protura represented about 0.1% of the total soil-living
arthropods collected (Table 2).

4.4. Hexapoda Insecta
4.4.1. Coleoptera (Beetles)

Coleoptera, being the largest insect order, have great importance in agricultural and
forest ecosystems. They feed on all sorts of plant and animal materials. Some species
are phytophagous, while others are predators, detritivorous, or fungivorous [105]. Given
this, they can be used to detect many kinds of alteration in the environment [106], such
as pollution and post-fire recovery [6]. In the DDR vineyard soils, Coleoptera repre-
sented about 4.6% of the total soil-surface, and 1.8% of the soil-living arthropods col-
lected (Tables 1 and 2). Coleoptera from the surface were included in 18 families from
10 super-families, namely: Carabidae (Caraboidea), Chrysomelidae (Chrysomeloidea),
Malachiidae (Cleroidea), Corylophidae, Latridiidae, Phalacridae (Cucujoidea), Brentidae,
Curculionidae (Curculionoidea), Aderidae, Anthicidae, Meloidae, Tenebrionidae (Tenebri-
onoidea), Buprestidae (Buprestoidea), Elateridae (Elateroidea), Geotrupidae, Scarabaeidae
(Scarabaeoidea), Scydmaenidae, and Staphylinidae (Staphylinoidea).

Carabidae (Ground Beetles)

Carabidae (Figure 5a) are largely confined to the ground, although some species also
climb into trees and shrubs in search of prey [107]. Most are nocturnal and hide during the
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day in leaf litter, or under logs, stones, and bark [105]. Their activity is mainly affected by
temperature, light intensity, humidity, food condition, and presence of competitors [107],
soil type, pH, and vegetation (ground and crop cover) [108]. Carabids are mostly predators,
both as larvae and adults, of invertebrates, such as insects, spiders, slugs, and snails [109].
Nevertheless, many species can be classified as phytophagous (feeding on seeds, pollen,
sprouts of different plants) or omnivorous [109]. Seed feeding occurs in many species,
including polyphagous ones that prefer animal prey [110]; however, true seed feeders, i.e.,
where seeds are central to the species’ food budget, occur only in the tribes Zabrini and
Harpalini [110]. Some Carabidae predators specialize in hunting ants, and have undergone
interesting behavioral and morphological adaptations (e.g., chemical mimicry to reduce
the risk of being attacked by their hosts) [110].

Figure 5. Insects common in vineyard soils from the Douro Demarcated Region: Coleoptera Cara-
bidae (a) and Staphylinidae (b), Dictyoptera (Isoptera) (c), Hymenoptera Formicidae, Messor barbarous
(d), and Mutilidae (e), Orthoptera Sciobia lusitanica (f).

Carabids have been widely and successfully used as indicators of environmental
and habitat change, such as landscape fragmentation [111], soil management practices,
pesticide and fertilizer applications [108], and heavy metal pollution [112]. As reviewed
by Rainio and Niemelä [113], landscape fragmentation causes changes in size and shape
of the fragment, degree of spatiotemporal isolation, degree of habitat connectivity in the
landscape, and edge effects, which have important effects on carabid assemblages such
as species composition, abundance in some species (increasing or decreasing), specialist
species decline, and increases in open habitat species. Although some revisions have
indicated that carabids are relatively poor heavy metal accumulators [114,115], recent
studies have stated that they can be used effectively as a naturally available pollution
indicator [106,112] and that they can even be used as entomoremediators, helping decon-
taminate soils badly polluted by metals via sequestering metals in their tissues [112].

In the DDR vineyard soils, it was possible to identify 12 subfamilies, 34 genera, and
55 species of Carabidae (Table S4), included in three trophic groups (predators, omnivores,
and phytophagous) (Table S4). The most collected species were Steropus (Sterocorax) ebenus,
Calathus (Neocalathus) granatensis, Calathus (Neocalathus) mollis, and Brachinus (Brachynidius)
variventris. According to Jiménez-Valverde and Ortuño [116], four species, i.e., Licinus
(Licinus) aequatus, Leistus (Leistus) oopterus, C. granatensis, Platyderus (Platyderus) lusitanicus
are endemic to the Iberian Peninsula (Table S4).
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Chrysomelidae (Leaf Beetles)

Most adult Chrysomelidae are leaf feeders, with some species specialize in a wide
variety of seeds and a few species being associated with pollen [117]. However, the feeding
regime is diverse since they may feed externally on the leaf tissue or the roots, within leaves,
stems, or roots, often as miners, or within seeds [105,117]. Some species are agricultural
pests, causing direct damage to various parts of the plant, mainly through reducing the leaf
area; they sometimes also cause indirect damage via the transmission of plant viruses [117].
They are also considered selective phytophagous insects, depending on a set of plants
to survive and persist in natural habitats [6]. Such characteristic makes this family a
good bioindicator, as they are expected to respond to environmental alterations such as
anthropogenic disturbance [6].

In vineyards, the chrysomelid species Altica ampelophaga Guérin-Méneville, also
known as “vine leaf beetle” is considered a minor pest. This insect pupates in the soil, and
in the spring, larvae and adults can cause significant defoliation by feeding on the newly
sprouting vines. In summer, they feed on mature leaves, often resulting in the appearance
of lace-like areas [117].

Malachiidae (Soft-Winged Flower Beetles)

Adult Malachiidae are commonly found on flowers, where they feed on pollen and
on flower-visiting insects [118,119]. Larvae are located in the soil, leaf litter, and under
the bark as well as dead wood and in stems of plants [118], being in general detritivorous
feeding on dead animal material, or predators feeding on arthropod eggs, larvae, and
soft-bodied adults [119].

Corylophidae (Minute Fungus Beetles)

Both adults and larvae of Corylophidae feed on fungi, in most cases on spores of
deuteromycete or ascomycete fungi, occurring in a variety of microhabitats, including leaf
and bark surfaces, under bark, in leaf litter, and bird nests [120].

Latridiidae (Minute Brown Scavenger Beetles)

Both larvae and adults of Latridiidae are found in moldy material and debris, where
they feed predominantly on fungal fruiting bodies [121], predominantly on the spores and
conidia of Ascomycetes, Deuteromycetes, and Zygomycetes [122]; sometimes they are also
found on flowers [105].

Phalacridae (Shining Flower Beetles)

Phalacridae are commonly found on dead vegetation and flowers [123]. Adults and
larvae feed on fungi and pollen of Asteraceae [123].

Brentidae (Straight-Snouted Weevils)

Within the Brentidae, the adults of the subfamily Apioninae, which were collected in
DDR vineyards, feed on living plant tissues, including all green parts and fruits. Larvae
also feed on different plant parts, including stems, roots, inflorescences, fruits, seeds, and
tissues, forming gall-like structures [124].

Curculionidae (Snout Beetles)

Concerning Curculionidae, almost all members of this family feed on both living and
dead plants, and many are serious pests; almost every part of a plant may be attacked [105].
In vineyards, the Curculionidae Otiorhynchus sulcatus Fabricius, also known as “black vine
weevil”, is considered a minor pest. The adults are nocturnal and feed on buds and leaves,
causing mostly cosmetic damage, whereas the larvae are ground-dwelling and feed on the
root system, which may result in reduced vigor and subsequent death of the plants [125].
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Aderidae (Antlike Leaf Beetles)

As adults, Aderidae are frequently found resting on the undersides of leaves of various
deciduous shrubs and trees. Larvae are found in rotten wood, wood mold, leaf litter,
hollows of old trees, under bark and possibly feeding on deuteromycete or ascomycete
fungi [126].

Anthicidae (Antlike Flower Beetles)

Anthicidae are often found under stones and logs and in debris in the soil or, during
the day, climbing on flowers and other vegetation [105,127]. Adults of those species that
live on the ground are thought to be detritivorous and opportunistic predators, feeding
on organic debris and small or weakened invertebrates [127]. In vegetation, they can feed
on small invertebrates, pollen and fungal hyphae, and spores [127]. Larvae have been
found on the ground in decaying vegetation, and apparently have a diet similar to that of
adults [127].

Meloidae (Blister Beetles)

Except for a few genera, which do not feed, Meloidae adults are, in general, phy-
tophagous, feeding on flowers and leaves of a wide range of plant species [128]. Larvae
are predaceous, mostly feeding on the eggs of Acridoidea or provisions and larvae of
various aculeate Hymenoptera, primarily bees [129]. The Meliodae individuals collected in
DDR belong to the Berberomeloe castuo. Species of Berberomeloe feed on Anthophoridae and
Andrenidae bees, and perhaps also on Megachilidae (Apoidea: Hymenoptera) [130].

Tenebrionidae (Darkling Beetles)

Tenebrionidae are primarily detritivorous; many species are associated primarily with
dead or rotting wood or other vegetation and ground litter. Others feed on lichens and
fungi on dead plant material [131]. Tenebrionids live on the ground, under logs, stones
and litter, and in or under bark on trees, and some can also be observed in birds’ nests and
in the nests of ants and termites [131]. In DDR, the tenebrionids found were mostly from
Gonocephalum spp., Phylan spp., Tentyria spp. and Akis lusitanica Solier, 1836.

Buprestidae (Wood-Boring Long-Horned Beetles)

Many Buprestidae adults are attracted to dead or dying trees and logs, while others
live on the foliage of trees and shrubs. The larvae of most species bore under bark or into
wood, attacking living trees, or newly cut or dying logs and branches [105]. The species
Xylotrechus arvicola (Olivier, 1795) (identified in Portugal, but as far as we know, not yet in
vineyards), is becoming an important pest in several Spanish vine-growing areas [132]. In
vines, the larvae, commonly known as “vine screw”, dig large galleries inside the wood,
causing progressive stunting, and eventual death of the affected branches, which end up
affecting the yield and quality of the wine [132].

Elateridae (Click Beetles)

Adults of Elateridae are phytophagous and live on flowers, under bark, or on
vegetation [105]. Many Elateridae larvae are also phytophagous, representing important
agricultural pests; others, particularly in forests, also feed exclusively or opportunistically
on insects, being classified as predators or omnivorous [133].

Geotrupidae (Scarab Beetles)

Geotrupidae, also called “earth-boring dung beetles”, are either detritivorous feeding
on underground fungi, herbivores, or are coprophagous (feeding on dung) [134]. Adults
can live in the soil or in vegetation; some feed on dung, others on pollen and nectar, plant
sap, and fruits, while others do not feed at all [134].
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Scarabaeidae (Scarab Beetles)

Scarabaeidae larvae live in the soil where they feed on decomposing organic matter,
dung, decaying wood or roots of living plants. Adults can live in the ground or vegetation;
some feed on dung, others on pollen and nectar, plant sap, and fruits, while others do
not feed at all [134]. Due to their high sensitivity, they can be good indicators of the
environmental changes due to human activities and habitat disturbance [6].

Scydmaenidae (Antlike Stone Beetle)

Scydmaenidae live under stones, in moss and leaf litter, rotten wood, and other
decaying vegetation remnants; some species are associated with ants and termites and
can be found in their nests [105,135]. Adults and larvae are known or suspected to be
predators of mites and other small organisms [136]. In DDR, Scydmaenidae were found to
be exclusively represented by Palaeostigus palpalis (Latreille, 1804). Species of the Palaeostigus
genus live in humid, leafy, and shady areas where they are usually found in very numerous
colonies in mosses, plant debris, under stones, or in the vicinity of water courses [137].

Staphylinidae (Rove Beetles)

Staphylinidae (Figure 5b) generally live on or in the soil, in ground litter, moss, or
in decomposing organic matter [105,109]. They can also be found under stones or in the
nests of birds, mammals, ants, and termites [105]. Adults are able to climb onto vegetation,
especially at night, and hunt for prey [138]. Most Staphylinidae are generalist predators,
feeding on various soil arthropods, such as nematodes, mites, Collembola, small insect
imagos, and larvae [139]. Some species have specialized in eating ants and termites [139],
and other feed on various organic substances or pollen [139]. Others live and feed on
mushrooms and other fungi. Nevertheless, a few species are parasitoids [140] or plant
feeders [141].

Rove beetles are important elements of sustainable agriculture and can be used
as bioindicators of the environmental status and particularly of human influence on
ecosystems [139]. Thus, these insects are good indicators of changes in management
practices, such as tillage, manuring and NPK fertilizer application, as well as environmen-
tal pollution (such as pesticides and heavy metals) [139]. Rove beetles react sensitively
to habitat changes, and according to Marcelino et al. [142], anthropogenic influence in
different habitats can contribute to the increase in species richness and abundance of a
few opportunistic species, with limited genetic variability, possibly compromising the
viability of less competitive and unique species. Moreover, Weithmann et al. [143] found
that an increasing human impact in forests changes rove beetle communities by promoting
generalist and more open-habitat species coping with low structural heterogeneity.

In the DDR vineyard soils, five species of Staphylinidae were identified: Anotylus inus-
tus, Dalotia coriaria, Ocypus (Ocypus) olens Quedius semiobscurus and Sepedophilus nigripennis,
and individuals of three more genera, Oxypoda sp., Oligota sp. and Medon sp. From their
relative abundance, we highlight Ocypus (Ocypus) olens, Dalotia Coriaria, and Quedius
semiobscurus that have predator habits [144], and Anotylus inustus, which is a detritivorous
species [144].

4.4.2. Dictyoptera (Isoptera) (Termites)

Termites (Figure 5c), popularly referred to as “white ants”, are detritivorous insects
that can feed on plant material in the form of sound wood and/or at different stages of
humification, such as leaf litter, humus, and soil organic matter [145]; some species feed
on fungi, which they cultivate in their nests [146]. There are also species that may become
pests due to the adoption of wrong agricultural practices, such as the ones related to the
decrease of available food (reduced plant litter), the reduction of termite diversity (with
the consequent decrease in inter-specific competition, and the proliferation of resistant
or invasive species), landscape simplification (fewer predators leading to a lower control
of termite populations), and a reduction in plant resistance [147]. In DDR, termites are
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referred to as being an important grapevine pest although, apparently, they are usually
associated with plants that are severely weakened or killed by wood diseases. Although
termites possess the characteristics of good bioindicators, their value as an ecological
indicator is not yet proven [6]. Nevertheless, the reduction in termite diversity is related
to land use intensity [148,149] and habitat disturbance [148], and the absence of a termite
group could be used as a bioindicator of environmental quality [150,151]. In the soils from
the DDR vineyards, termites represented less than 0.01% of the total soil-surface, and about
0.1% of the soil-living arthropods collected (Tables 1 and 2).

4.4.3. Diptera (Flies)

Diptera have a diversity of lifestyles and eating behavior. Adults feed on various
plant or animal juices, such as nectar, honeydew, and sap [105]. The larvae of some species
are phytophagous; some are useful detritivores, while others are important predators or
parasitoids of arthropods. Depending on their feeding habits, larvae live in many kinds of
habitats; phytophagous species generally live within some plant tissue; the predaceous live
in the habitats of their main prey (in the water, in the soil, under bark or stones, or on the
vegetation); detritivorous species feed and live on decaying plant or animal matter [105].

According to Frouz [152], Diptera can, based on their relation to the soil, be divided
into three groups: (i) they dwell in the soil throughout their entire life; (ii) they spend all
their stages of immature development in the soil, from which they emerge as adults; (iii)
they grow on specific substrates, such as vegetable tissue or carrion, and only pupate in
the soil.

The main natural factors that affect Diptera communities in the soil are moisture and
organic matter [152]. Diptera present characteristics that make them useful as bioindicators:
they are variable in terms of size, ecological demands, and their position in food webs;
their larvae are widespread and abundant in the soil; and some species play important
roles in soil biological functions such as plant litter decomposition [152]. Thus, they can be
good indicators of changes in management practices, such as tillage, manuring, fertilizer
application, environmental pollution (pesticides and heavy metals), and drainage [152].
However, difficulties of taxonomic identification at species level, together with their great
heterogeneity and ecological needs, are significant obstacles to the broader use of soil
dwelling Diptera as bioindicators [6,152].

In the soils from the DDR vineyards, Diptera (larvae) represented about 0.7% of the
total soil-living arthropods collected (Table 2).

4.4.4. Embioptera (Webspinners)

Embioptera live beneath the ground in a labyrinth of silken galleries spun in leaf litter,
under stones, or in bark crevices wherever it is humid and warm [105,153]. Females and
immatures are detritivorous feeding on leaf litter, outer bark surfaces, and epiphytic algae
and lichens [153]; adult males do not eat [105] and die soon after mating [153]. Embioptera
are a poorly studied group in soil monitoring research [6]. In the soils from the DDR
vineyards, Embioptera represented less than 0.01% of the total soil-surface (and 0.03% of
the total soil-living) arthropods collected (Tables 1 and 2).

4.4.5. Hemiptera

Hemiptera, as the most significant non-holometabolous order of insects [154], varies
considerably in morphology, life history, and eating habits [105]. Traditionally, they have
been categorized into ‘Homoptera’ and Heteroptera. More recently, they have been sub-
divided into four major suborders: Cicadomorpha, Fulgoromorpha, Heteroptera, and
Sternorrhyncha [32]. Cicadomorpha, Fulgoromorpha, and Sternorrhyncha are phytophagous,
feeding on the phloem or xylem of plants, while Heteroptera include predators and phy-
tophagous species [105]. Hemiptera have been used as indicators of pollution [35]. In
the soils of the DDR vineyards, Hemiptera represented 0.5% and 0.3% of the total soil-
surface and soil-living arthropods collected, respectively (Tables 1 and 2), and they were



Sustainability 2021, 13, 7837 18 of 35

included in the families Dictyopharidae from Fulgoromorpha and Cydnidae, Lygaeidae,
Pentatomidae, Rhopalidae, and Scutelleridae from Heteroptera.

Dictyopharidae (Dictyopharid planthoppers)

Dictyopharidae are phytophagous, and most species are predominantly Dicotyle-
doneae feeders, although only a few species are economically important agricultural
pests on grasses [155]. In Europe, Dictyophara (Dictyophara) europaea (Linnaeus, 1767), is a
polyphagous phloem-feeding planthopper, already found in DDR [156], involved in the
transmission of Flavescence dorée (FD) phytoplasma disease of grapevine [157]. Some
species, as in the case of D. europaea, have a complex oviposition strategy, which consists of
protecting the eggs by hiding them in soil particles and then dropping them onto the soil
surface (‘soil nests’) [157]. Such a strategy provides good protection, making detection by
predators difficult, and facilitating egg dispersal by the wind [157].

Cydnidae (Burrower Bugs)

Cydnidae usually dig in the ground, being found beneath stones or boards, in sand,
or around the roots of plant hosts [105]. They are phytophagous, and most of the nymphs
and adults of this group are sap-feeding through the roots of hosts. However, some
species (particularly from Sehirinae and Amnestinae subfamilies), feed on the aboveground
structures of the host plants (such as fruits, seeds and other plant organs) [158]. Most species
are of little economic importance, and only occasionally do they become abundant and
cause injury to crops [159].

Lygaeidae (Seed Bugs)

Although a few Lygaeidae are ground-living; the majority tend to live aboveground [105].
Most are phytophagous, feeding on seeds or plant sap, and only a few are predatory [160].
Many species live on plants above ground level, while others live on the ground in the litter
layer, where they feed on fallen seeds, although they can climb plants to feed on mature
seeds [160].

Pentatomidae (Stink Bugs)

Most species of Pentatomidae are phytophagous (feeding on all aboveground plant
parts, including stems, petioles, leaves, flowers, fruits, and seeds), although some (from
the Asopinae subfamily) can be predators and others are omnivorous [161]. Pentatomidae
occur in a diversity of habitats, ranging from natural to cultivated, and from herbaceous
to arboreal [161]. Females generally lay their eggs in clusters on plant organs, such as the
undersides of leaves [161]. However, some species reportedly lay their eggs on detritus or
on soil beneath plants, or even in cracks in the soil surface [162].

Rhopalidae (Scentless Plant Bugs)

Rhopalidae live principally on weeds, but a few are arboreal [105]. All are phy-
tophagous (feeding on seeds, fruits) [105], although in general they have little economic
importance [159]. To varying extents, they specialize on a particular host plant taxon as
a food source, although they may take water or nutrients from other sources, including
flowers, fruits, and dead insects [163]. Females typically lay their eggs on or near host
plants [163] and in some species, females dig a hole in the soil, lay their eggs there, and
cover them with soil [164].

Scutelleridae (Shield-Backed Bug)

All Scutelleridae species are phytophagous, with the majority showing a broad pref-
erence for plants of Rosidae and Asteridae, although some are specialized into feeding
on Poales [165]. They can be an important pest of grain crops [105,159], although a few
otherwise phytophagous species are occasionally attracted to carrion [165].
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4.4.6. Hymenoptera

Hymenoptera are traditionally subdivided into three groups (the paraphyletic sub-
order Symphyta, and the monophyletic Aculeata and Parasitica, belonging to the sub-order
Apocrita), each one exhibiting different biology [166]. Symphyta are mostly phytophagous,
while Parasitica are mainly parasitic species, although some of them have returned secon-
darily to phytophagy, and Aculeata comprise predators, parasitoids, and phytophagous
individuals. All eusocial Hymenoptera belong to the last group [166]. Given this, Hy-
menoptera play an important role in virtually all terrestrial ecosystems and are of sub-
stantial economic importance. Moreover, mainly due to their assemblage composition
and richness, they have been found to be useful ecological indicators [35]. In the DDR
vineyard soils, Hymenoptera represented about 28.7% of the total soil-surface and 7.3%
of the soil-living arthropods collected (Tables 1 and 2). Hymenoptera from the surface
were included in three families from two super-families, namely: Dryinidae (Dryinidae),
Formicidae and Mutillidae (Vespoidea), Formicidae being the most representative family.

Dryinidae

Dryinidae are parasitoids of adults and nymphs of Hemiptera Auchenorrhyncha [105,167].
Females are often brachypterous or apterous and similar to ants in their general appear-
ance and behavior [167,168]. This mimicry allows Dryinidae to attack easily their hosts
Auchenorrhyncha, because ants frequently feed on the honeydew produced by those in-
sects defending them from natural enemies [167]. Males do not feed or feed only on sugar
solutions. Females have developed their predatory behavior to obtain energy and nutrients
necessary for egg production [167], and after sugar solutions, feed on the hemolymph and
tissues of their hosts [168].

Formicidae (Ants)

Formicidae (Figure 5d) have colonized most terrestrial habitats and form organized
colonies of variable sizes in the soil, plant debris, trees, and buildings [166]. Most species are
omnivorous [169]. However, there are also predator species [170], phytophagous [171–173],
detritivorous (feeding on decaying organic matter, thereby accelerating the decomposition
process) [174], as well as species that feed on honeydew [175], pollen [176], extrafloral
nectar, and glandular corpuscles [177–179].

Once Formicidae are abundant, diverse, present in most habitats, and easily recorded,
they are the Hymenoptera family most widely used as a bioindicator [6]. Thus, they have
been used in environmental monitoring [180,181], and changes in ant communities reflect
broader ecological change [182].

In the DDR vineyard soils, Formicidae from the soil-surface were grouped into
three subfamilies, 13 genera, and 24 species (Table S5). The most abundant ant species
were Messor barbarus, a phytophagous species that feeds essentially on seeds, and Phei-
dole pallidula, Tapinoma nigerrimum, and Aphaenogaster gibbosa, all omnivorous species.
Three species, e.g., Cataglyphis iberica, Cataglyphis hispanica, and Aphaenogaster iberica are
endemic to the Iberian Peninsula (Table S5).

Mutillidae (Velvet Ants)

Mutillidae (Figure 5e) are generally found in arid areas [105]. Females are apterous
and spend most of the daytime in burrows in the ground or under grass turfs, while winged
males, searching for virgin females to mate with, usually fly just above the ground [183].
They are parasitoids in nests of various wasps and bees [105,183]. Females feed on adults
or immature offspring of the hosts [184] and both females and males feed on nectar,
honeydew [184] and extrafloral nectar [185].

4.4.7. Orthoptera

Orthoptera is a large and diverse order of insects that includes two suborders, En-
sifera and Caelifera [32,186]. They are found in all terrestrial habitats, and a number live
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underground [186]. Orthopterans are mainly phytophagous, feeding on different plant
structures such as leaves, flowers, and fruits. However, many species are omnivorous,
consuming various living and dead organic food material including plants, fungi, lichens,
algae, mosses, and feces [187]. They may also be detritivorous, feeding on dead arthropods
and dead vertebrates, while a few groups may be considered predators [186]. Orthoptera
are sensitive to climatic conditions and their abundance and diversity are correlated with
vegetation structure rather than plant composition [6]. They are considered effective ecolog-
ical and environmental indicators, particularly in grasslands [6,35]. In the soils of the DDR
vineyards, Orthoptera represented 0.4% of the soil-surface arthropods collected (Table 1)
and were included in the Acrididae family, in the Caelifera sub-order, and Gryllidae, and
Gryllotalpidae in the Ensifera sub-order.

Acrididae (Grasshoppers)

Acrididae are essentially phytophagous, although there are predator and detritivorous
species [188]. Grasshoppers are potentially useful as bioindicators because they have been
found to indicate ecological change and the effects of habitat management. Moreover, they
may also be sensitive to pollution [35].

Gryllidae (True Crickets)

Gryllidae (Figure 5f) occur in varied habitats and sometimes are found in the soil,
hiding under dead plants or in burrows that they excavate. The feeding habits are diverse.
Many species are detritivorous, feeding on organic remains, decaying plants, and fungi.
There are also species that are strictly phytophagous (feeding on flowers, fruit, and leaves),
while others are mostly predatory.

In general, females lay their eggs in the ground or in the vegetation [105]. Like
grasshoppers, crickets are potentially useful as bioindicators of ecological change, habitat
management, and pollution [35].

In DDR, the Gryllidae were found represented by Gryllus spp. and Sciobia lusitanica.
The Gryllidae species S. lusitanica (the Lusitanian spade-cricket), observed in soil of DDR
vineyards with some frequency, is an Iberian–Moroccan endemic species [189], sensitive
to changes in habitat. This species is reported to occur in association with the plants
Cistus ladanifer, Lavandula stoechas, and Erica arborea [190,191], which are common in the
neighboring non-crop habitats of DDR vineyards.

Gryllotalpidae (Mole Crickets)

Gryllotalpidae are omnivorous, feeding on various food sources, such as above ground
grass leaves, seedlings of vegetables, roots, and earthworms, and soil arthropods, including
other mole crickets [192]. They spend almost all of their lives underground and form
tunnels for feeding, protecting, and mating [193]. In DDR, this family was represented by
Gryllotalpa spp.

4.4.8. Lepidoptera (Moths)

The larvae of most Lepidoptera species are phytophagous, feeding in different ways:
many are leaf miners, feeding inside the leaf; a few are gall makers, and a few bore in the
fruits, stems, wood, or other parts of the plant [105], such as live roots [9]. A very few are
predaceous on other insects [105]. Some species also pupate in the soil [105]. Lepidoptera
have been used to indicate habitat changes, management practices, and pollution [35].
Lepidoptera represented about 0.6% of the total soil-living arthropods captured in the soils
of the DDR vineyards (Table 2).

4.4.9. Neuroptera (Lacewings)

Neuroptera larvae are diverse in habits; larvae of most species are active and generalist
predators, although some can feed on decaying plant material [194]. According to their
feeding habits, they can occur widely on vegetation, on litter or on the bark of trees, often
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extremely well camouflaged [194]. Some species inhabit the egg sacs of various spider
species, where they feed on the contents; other larvae live in the soil, possibly being
generalist predators, or they live in the nests of social insects, such as ants and termites
where they feed on the inhabitants [195]. Individuals of the family Myrmeleontidae
(antlions) create “pitfall traps”, and eat small arthropods that fall in [9]. Adults can
be predators, omnivorous (feeding opportunistically on soft-bodied insects, pollen, and
honeydew), and phytophagous (some are obligate feeders on pollen and nectar from
flowers) [195]. Neuroptera have been used as an indicator of management practices and
pollution levels [35]. Neuroptera represented about 0.01% of the total soil-living arthropods
collected in the soils of the DDR vineyards (Table 2).

4.4.10. Thysanoptera (Thrips)

A great number of species of Thysanoptera are phytophagous, feeding on flowers,
leaves, fruits, twigs, or buds of a wide variety of plants [105]. Other species consume
fungal spores and hyphae [196], and a few are predators of other small arthropods [105].
Some species, such as the well-known Frankliniella occidentalis are omnivorous, feeding
on plants and arthropods [196]. According to their feeding habits, they can live on young
leaves, flowers, and leaf litter, or within the bases of grass and sedge tussocks [197]. Some
species overwinter as a pupa and/or adult in the soil [105]. Thysanoptera were used
in the indication of the effects of habitat management, but have rarely been used [35].
Thysanoptera represented about 0.08% of the total soil-living arthropods collected in the
soils of the DDR vineyards (Table 2).

4.5. Myriapoda Chilopoda (Centipedes)

Chilopoda (Figure 6a) mostly inhabit leaf litter and the soil or are found under stones
and bark [198]. As they are particularly sensitive to drying, due to their weak epicuticular
wax layer on the epidermis [199], they tend to be buried or sheltered.

Figure 6. Chilopoda (a), Diplopoda (b), Pauropoda (c), and Symphyla (d) common in vineyard soils
from the Douro Demarcated Region.

In the soils of the DDR vineyards, Chilopoda represented 0.1% and 0.5% of the soil-
surface and soil-living arthropods collected, respectively (Tables 1 and 2), and they were
included in the orders Geophilomorpha, essentially in the soil-living community, and
Lithobiomorpha and Scutigeromorpha, in the soil-surface community.
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Individuals of the Geophilomorpha order, also known as “sub-ground centipedes”,
which are specialized in living in deeper layers of the soil, can move skillfully through
the narrow system of sub-ground channels [7] and are not much affected by temporary
flooding [97]. Especially when conditions get hostile (heat, cold, drought, predators), they
move vertically in the soil [97].

On the other hand, species from the Lithobiomorpha and Scutigeromorpha orders that
live closer to the soil surface cannot dig, but need shelter, because they are also susceptible
to drought [97]. Thus, for example, in the case of Lithobiomorpha, also known as “stone
centipedes”, they rest during the day in crevices under stones, tree trunks or bark, or seek
the shelter of moist stacks of leaves within the litter, becoming active and starting to hunt
at night, when the air humidity increases [7].

Chilopoda is an important group of generalist predators in many terrestrial
habitats [200]. They feed on a broad spectrum of soil invertebrates, including small insects,
Collembola, acari, nematodes, enchytraeids, and even earthworms [9,201]. Some species
have specialized diets: thus, there are species of Lithobiomorpha that feed preferentially
on Collembola and oribatid mites [202], while some species of Geophilomorpha feed
preferentially on bacteria eaters, such as lumbricids and enchytraeids [202].

Chilopoda have been referred to as potentially useful indicators of habitat quality [203],
signaling the detrimental effects of pollutant accumulations (protons, heavy metals) [204]
and pesticide applications [205]. However, Klarner et al. [206] found that in ecosystems
undergoing major structural changes due to anthropogenic land use, they are able to
change diet and utilize alternative prey, persisting in these ecosystems.

4.6. Myriapoda Diplopoda (Millipedes)

Diplopoda (Figure 6b) live, generally, in the upper soil layer and in leaf litter where it
is moist, under rocks, logs, or bark, preferring calcareous soils [5]. Usually they are active
at night [37]. Like Chilopoda they are particularly sensitive to drying out [199].

In general, Diplopoda are detritivorous, feeding on decaying leaves and other debris
from dead plants. A few species are omnivorous or predators, feeding on small arthropods,
such as insects and centipedes, or on earthworms [9].

Diplopoda are potentially useful indicators of the habitat quality [203] and the diver-
sity of the decomposer communities in leaf litter and upper soil layers [35]. Moreover,
they are bioindicators of metal pollution in soils [207]; some species react positively to the
presence of metals [207], while others are very negatively affected [207,208]. They are also
useful indicators of restoration success [209].

In the soils of the DDR vineyards, Diplopoda represented 0.07% and 0.1% of the
soil-surface and soil-living arthropods collected, respectively (Tables 1 and 2).

4.7. Myriapoda Pauropoda

Pauropoda (Figure 6c) live mainly in the soil, but sometimes occur in leaf litter, rotting
logs, under bark and moss [210]. They inhabit various plant communities and soil types,
occurring on decaying logs or under bark and moss [210], preferring undisturbed habitats
with high organic matter content and rich in pore spaces [211]. They are particularly
susceptible not only to soil humidity but also to light and temperature. When the upper
layers dry, Pauropoda look for moisture in deeper layers always using the interstices of the
ground, as they cannot build galleries or dig burrows [212]. Their occurrence is often very
patchy and the populations are sparse [210,212].

Pauropoda are thought to feed on soil microflora, sucking out root hairs, and decaying
organic matter of plant and animal origin [211]. However, at least one species has already
been reported as damaging plants in a greenhouse [212].

Pauropoda have been referred to as a bioindicator of management systems in which
their population densities decrease in high-input management systems, apparently due
to the mechanical and chemical disturbances, and unfavorable abiotic soil conditions
existing in intensively managed sites [13]. In addition, Ochoa-Hueso et al. [213] have
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also suggested them as potential bioindicators because their abundance increases with
the nitrogen deposition in the soil, possibly being related to alterations in the quality and
quantity of organic matter following nitrogen additions.

In the soils of the DDR vineyards, Pauropoda represented 0.03% of the soil-living
arthropods collected (Table 2).

4.8. Myriapoda Symphyla

Symphyla (Figure 6d) live in soils, mainly from undisturbed habitats with high organic
matter content and rich in pore spaces [97,212]. In humid environments, some individuals
can also be found in the leaf litter and under the bark of trees, to where they migrate during
flooding [214].

Symphyla are divided into two families: Scolopendrellidae e Scutigerellidae [32].
Individuals of Scolopendrellidae are supposed to be detritivorous, feeding primarily on
decaying organic matter and on fungi [215]. However, predator behavior has been doc-
umented in the Symphylella genera, and it is believed that predatory habits are more
widespread within the Scolopendrellidae family [215]. Individuals of Scutigerellidae are
phytophagous feeding on roots (fine roots and root hairs) and other plant material [215]
and can damage plants if the population density is high [7,216].

Factors that regulate Symphyla distribution are high humidity, temperature, a non-
compact substrate, and food presence [212]. During spring and early summer, they can
migrate in high numbers to the soil surface, while during warm summer periods, when
the upper soil dries out, the populations withdraw to deeper soil layers [217], although
they are not able to build galleries or dig burrows and have to use existing soil cracks and
tunnels [97,212].

Symphila represented 0.7% of the soil-living arthropods collected in the soils of the
DDR vineyards (Table 2).

5. Ecosystem Services Provided by Soil Arthropods in the Vineyard

Ecosystem services, which can be defined as those benefits that people obtain from
ecosystems, may be categorized as: (i) provisioning services, which are the material goods
that people get from ecosystems, such as food, water, fibers, wood, and fuels; (ii) regulating
services, which are those by which ecosystems regulate other environmental factors or
processes, such as biological control, pollination, flood regulation, water purification,
and climatic regulation; (iii) cultural services, which include non-material benefits that
people obtain from ecosystems, e.g., recreational, spiritual, and aesthetic values); and
(iv) supporting services that are ecosystem processes and functions necessary for the
production of other ecosystem services, such as nutrient cycling, soil formation, and habitat
provision for biodiversity [218]. However, the ecosystem could also generate functions,
processes, and attributes viewed as harmful and with negative impacts on human wellbeing
denominated as ecosystem disservices [219]. Examples of ecosystem disservices are pest
damages, which reduce productivity and often lead to an increase of the chemical inputs
and, consequently, in the increase of pollution, and the increase/occurrence of intraguild
predation in which a predator feeds not only on the pest, but also on another predator or
parasitoid [220].

Soil organisms, including arthropods, influence soil processes that contribute to the
provision of a wide range of essential ecosystem services that are critical to the sustain-
ability of ecosystems [3]. Although soil arthropods can contribute to all ecosystem service
categories, we focus on their roles in supporting and regulating services.

The decomposition of organic materials into simpler molecules is one of the most im-
portant ecosystem services of soil organisms [3]. In DDR, detritivores populations ranged
between 41.3 and 70.2% [14,31]. Soil detritus feeders, also known as “litter transformers”,
of which the microarthropods Acari and Collembola comprise a large part, significantly
contribute to the removal of organic matter from the litter layer and the incorporation
of the mineral soil [221]. They fragment, or comminute, and humidify ingested plant
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debris, improving its quality as a substrate for microbial decomposition and promote
the growth and dispersal of microbial populations [5]. Apparently, the most consistent
effect of arthropods in decomposing leaf litter is an increased rate of nitrogen mineraliza-
tion, which results predominantly from interactions with microorganisms and not from
excretions [222]. The rate of leaf litter decomposition is significantly faster than decomposi-
tion of soil fauna feces produced from the same litter, as they are poor in easily assimilable
organic compounds and rich in lignin; however, the incorporation of feces in the mineral
soil affects many other soil properties, including microbial activity [221,222]. Several other
groups of arthropods are also included in this key regulatory group, with importance in
litter fragmentation and decomposition, stimulation of microbial activity and nutrient recy-
cling. These are terrestrial isopods [70], Diplopoda [223], Diptera [152], Embioptera [224],
ants [174], and termites [145]. Protura, Diplura, and Pauropoda are of lesser importance
in the soil community having little influence on soil processes [5]. Apparently, their most
important contribution is to stimulate microbial activity and propagate spores [7].

Concerning phytophagous, in DDR, their populations ranged between 1.3 and
8.8% [14,31]. While the effects of many phytophagous might often be considered as
disservices, they can also be seen as regulators [225]. Thus, with the exception of some
species of the Chrysomelidae (e.g., A. ampelophaga) and Curculionidae (e.g., O. sulcatus)
families, which spend part of their life cycle in the soil and are known to feed on vine leaves
and tender shoots, most of the herbivores found in the soil vineyards of DDR do not feed
on vines [14]. They can be helpful to control weeds, through herbivory, or pests, through
competitive exclusion or by helping to maintain the populations of generalist predators
and parasitoids, as alternative prey or host [225]. Thus, many of the herbivores found
are predators of weed seeds. This is the case of some carabids (e.g., Harpalus and Amara
genus) [226], M. barbarus (Formicidae) [173] (Table S3), isopods [70], and crickets [227].
The importance of weed seed predators in controlling weeds and, consequently, reducing
the need for traditional weed control practices, such as the use of herbicides, has been
highlighted by Blubaugh et al. [228]. In addition, herbivores also influence nutrient cycles
and nutrient availability in the soil, thus contributing to soil fertility and increasing primary
production [225].

Predation on other arthropods or on microbial populations is also considered a reg-
ulating ecosystem service provided by arthropods. Even by inhabiting the ground, soil
predators may be potentially important in the natural control of vineyard pests since many
of them search for their prey both on the soil surface and in the crop canopy [229] and
may link the food webs between the ground cover and the vineyard canopy [230]. In the
case of spiders, Roltsch et al. [231] suggested that some species could move between the
ground cover and the canopy in Californian vineyards. Moreover, adults of Carabidae
and Staphylinidae are able to climb onto vegetation, especially at night, and hunt for
prey [138,226]. Petremand [232], in studies conducted in vineyards in Switzerland, found
that the peak of potentially predatory activity of carabids corresponded to the occurrence
of some vine pests. Concerning Formicidae, Blaise et al. [233] found a correlation between
predation on sentinel prey (located both in the soil and in the trunk) and ant abundance in
pitfall traps located in the vineyard inter-row, highlighting the potential key role of ants in
predation in Mediterranean vineyards.

Nevertheless, it is admissible that these predators have an important role in the control
of arthropod vine pests, which spend part of their lifespan on the ground, namely O. sulcatus
and A. ampelophaga, or of other vine pests or vine disease vectors that could use plants in
the ground cover as hosts, such as Tetranychus urticae Koch, Scaphoideus titanus Ball., D.
europaea, and Philaenus spumarius L. [14]. In addition to these organisms, predators use other
prey that inhabit the soil, thus enhancing their own population densities and contributing
to arthropod populations’ control and biological balance. For instance, Collembola are
an important food source for generalist predators [97,234], including carabid beetles and
their larvae [235], and small spiders [236]. Moreover, Acari serve as food sources for soil
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predators [4]; for instance, Oribatida serve as food for centipedes, symphylans, diplurans,
spiders, pseudoscorpions, opilionids, ground beetles, and ants [46].

Ants and termites are also considered important ecosystem engineers because of
their effects on soil properties, and their impact on the availability of resources for other
organisms, including microorganisms and plants [237,238]. They are able to change bio-
logical, chemical, and physical soil processes and soil environments through bioturbation
(biological reworking of soils through incorporating plant litter and other residues into
the soil), decomposition of soil organic matter, and facilitation and regulating of nutrient
cycling [237,239,240]. Their activity (often associated with transport and movement of soil
particles, burrowing, and mixing organic matter with mineral soil during nest building)
also affects soil texture, porosity, and aggregation, significantly affecting water infiltration
and reducing runoff [147,237,238,241–243]. Moreover, they promote soil enrichment with
clay materials, organic matter and moisture that improve the soil‘s water holding capacity,
organic matter content, and soil structure [244]. Their activity can promote the activity of
the microbial community and increase the degradation rates of soil organic matter [245,246].
In addition, their contribution to microbial activity stimulation can positively impact soil
carbon sequestration and nitrogen recycling [246]. It should be noted that water infiltration,
water holding capacity and reduced runoff are of great importance in the vineyards of the
Mediterranean Region, and in particular of the DDR, as it is a region with intense rainfall
mainly concentrated in the spring and autumn, and whose vines are often located on steep
slopes, which are susceptible to erosion [247].

Moreover, Scarabaeoidea play an essential role as ecosystem engineers by removing
manure from the surface and burying it in the soil as food for their offspring [248]. The
most common nesting behavior consists of tunneling, in which they dig earth tunnels
of various lengths underground, underneath the feces, which terminate with hatching
chambers where they put their eggs, and the offspring develop [249]. Dung beetles are
beneficial to soil health by increasing organic matter content and nutrient cycling [248,249].
Moreover, they positively influence hydrological properties of the soil by increasing water
infiltration and soil porosity, thereby reducing surface water runoff [250].

Terrestrial isopods [70] and diplopods [7] are other soil arthropods that are considered
important ecosystem engineers due to their contribution to bioturbation with an essential
role in mixing the soil. The Orthoptera, particularly some Gryllidae and Gryllotalpidae
species, create deep burrows, modifying soil architecture and its hydrological functions,
particularly the increase of water infiltration rates and the decrease of runoff [193]. Due to
their relatively large dimensions and the physical disturbance that they cause in the soil,
Amphipoda positively affects microbial communities [251].

6. Conclusions

Arthropods are a major component of soil biota and are important contributors to the
delivery of vital ecosystem services to agriculture. Hence, studying soil arthropod commu-
nities is essential for understanding soil ecological functions and the link between these
functions and ecosystem services. This work is a first attempt to present soil arthropod com-
munities typical of vineyards of the DDR and describes the ecosystem services provided by
them. It describes the ecology of a set of soil arthropod groups of recognized importance
for their key role in the delivery of supporting and regulating ecosystem services and/or
their possibilities as indicators of soil quality. Thus, some of the groups presented, such as
Collembola and Acari, are important in the decomposition of organic materials through
fragmentation and ingestion of plant debris, improving its quality as a substrate for micro-
bial growth and dispersal, and improving nitrogen mineralization. At the same time, also
due to their higher abundance, they also constitute important food sources for generalist
predators, such as Araneae, allowing them to increase their populations and persist in the
vineyards. Moreover, Collembola and Acari are also the arthropod groups typically used
in soil quality evaluation approaches.
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Some phytophagous species, mainly the ones that feed on seeds, such as M. barbarus,
are essential in weed control, contributing to the reduction in weed control practices, help-
ing to maintain the populations of generalist predators. Other groups, such as Formicidae,
Isoptera, Diplopoda, and Isopoda have a greater role in the soil food web, being considered
important ecosystem engineers, as they are able to change soil processes and the soil envi-
ronment through bioturbation, decomposition of soil organic matter, and facilitation and
regulation of nutrient cycling. These all affect soil properties and impact the availability of
resources for other organisms, including microorganisms and plants.

In conclusion, it is expected that the information presented here may contribute
to a deeper knowledge of vineyard soil arthropods, as well as the ecosystem services
and disservices provided, as a basis for the implementation of sustainable viticulture
ecosystems.
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