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Preface to ”Impact of Agricultural Practices on

Biodiversity of Soil Invertebrates”

Soil fauna plays a key role in many soil functions, such as organic matter decomposition, humus

formation, and nutrient release, modifying the soil structure and improving its fertility. In particular,

soil invertebrates play key roles in determining soil suitability for agricultural production and

realizing sustainable farming systems. This fauna includes an enormous diversity of arthropods,

nematodes, and earthworms. However, they suffer from the impact of agricultural activities, with

implications for the capacity of soil to maintain its fertility in the long-term and to provide ecosystem

services. Some agricultural practices may create crucial changes in soil habitats and properties, with

consequences for invertebrate biodiversity. In the few last decades, especially under intensive and

specialized farming systems, a loss in soil ecosystem services has been observed, as a result of the

reduction in the biological fertility with a decrease of both the abundance and taxonomic diversity of

the soil faunal communities.

On the other hand, some agricultural practices, such as those based on crop rotation, minimum

tillage, cover crops and soil-covering, can support sustainable soil management and promote useful

soil fauna. Therefore, due to concerns about the sensibility of soil biota to the agricultural practices,

there is an urgent need to develop sustainable management strategies, to realize a microclimate and

habitats favorable for the biodiversity of soil invertebrates and to reduce the soil disturbance, such as

that due to tillage or chemical input.

Stefano Bocchi, Francesca Orlando

Editors
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Abstract: The EU’s Common Agricultural Policy (CAP 2014–2020) on soil management points to
the combination of sustainable food production with environmental protection, reduction of CO2

emissions, and safeguarding of soil biodiversity. In this study, three farms (in the Emilia-Romagna
region), managed with both conventional and conservation practices (the last ones with and without
sub-irrigation systems), were monitored from 2014 to 2017 to highlight the impact of different
crops and soil managements on soil arthropods, in terms of abundance, composition, and soil
biological quality (applying QBS-ar index). To do this, linear mixed models were performed,
whereas arthropods assemblages were studied through PERMANOVA and SIMPER analysis. Soil
communities varied among farms, although most differences were found among crops depending on
management practices. Nonetheless, conservation systems and a wider reduction in anthropogenic
practices provided better conditions for soil fauna, enhancing QBS-ar. Moreover, arthropod groups
responded to soil practices differently, highlighting their sensitivity to agricultural management.
Community assemblages in corn and wheat differed between managements, mainly due to Acari and
Collembola, respectively. In conservation management, wheat showed the overall greatest abundance
of arthropods, owing to the great number of Acari, Collembola, and Hymenoptera, while the number
of arthropod groups were generally higher in crop residues of forage.

Keywords: soil biodiversity; bioindicators; soil quality; mesofauna; soil degradation;
land management

1. Introduction

Soil provides the basics for human livelihood and well-being, including food supply, freshwater
and many others ecosystem services, in addition to biodiversity [1]. This is especially the case with
the soils of agricultural areas, which account for 13% of the total ice-free land cover at the global
scale, and are amongst the most important resources for ecosystem functioning, often compromised
by mismanagement. Biodiversity plays a crucial role in ecosystem functioning and services [2];
nevertheless, many authors have highlighted the negative effects of conventional management on
soil biodiversity multifunctionality [3]. Practices such as tillage, overfertilization, monoculture,
and pesticide application often give rise to increased soil erosion, decay of organic matter content,
salinization, and compaction, which may lead to a reduction in crop productivity and soil biodiversity,
and subsequent socioeconomic losses [3,4]. In the past decade, research on conservation practices such

Agronomy 2020, 10, 982; doi:10.3390/agronomy10070982 www.mdpi.com/journal/agronomy1
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as long-term tillage, diversification of crop production systems, rotation, and crop perennialization has
proven to enhance the stabilization of soil organic matter aggregates [5], enhancement of crop yields,
improvement of carbon sequestration, nutrient retention, and water infiltration [4].

Soil fauna plays an important role in maintaining soil quality and health, as well as providing
ecosystem services [6] through processes such as organic matter translocation, fragmentation and
decomposition, nutrient cycling, soil structure formation and, consequently, water regulation [7–9].
Some groups are highly sensitive to changes in soil quality because they are adapted to specific soil
conditions [10,11]. Among soil fauna, mesofauna (200 μm–2 mm) are affected by both above- and
belowground environmental factors since their activity occurs mostly in the top 20 cm of the soil
profile. Within aboveground factors, mesofauna presence is affected by plant cover, which sensibly
impacts soil properties by shading and regulating soil temperature, allowing steady environmental
conditions. Moreover, plants generate litter inputs, thereby enhancing soil hydrophobicity and
protecting it from erosion. Within belowground factors, instead, rhizosphere organic compounds
that involve the root exudates represent food resources for soil mesofauna. However, due to their
small dimensions, these organisms use existing pores or channels for locomotion, which makes many
of them sensitive to any interference with the soil environment. Within the habitable pore space,
their activity is influenced by water-air proportion, such that both saturation and desiccation processes,
resulting in anaerobiosis and dehydration respectively, are detrimental to soil fauna populations [12].
Cole et al. [13] concluded that communities inhabiting agroecosystems are primarily structured by
agricultural practices, since anthropogenic activities of agricultural systems alter natural soil dynamics
and promote the decay of soil mesofauna populations.

Soil management practices lead to alteration of plant litter inputs and soil microhabitat, in terms
of both soil physical and chemical qualities, thus impacting soil fauna assemblages [14]. It has been
widely observed that tillage impacts negatively on soil-dwelling arthropod communities: enhancing
the exposure of soil organisms to desiccation, through the destruction of upper horizons; and negatively
affecting access to food sources, through the decrease in the soil moisture available and the disruption
of existing plant systems [15–17]. Conversely, no-tillage practices leave the soil surface covered with
residues of previous crops, thereby protecting the soil from water and wind erosion and enhancing
decomposer fauna abundance [18]. These effects increase in continuous no-tillage systems, due to the
higher soil stratification and concentration of organic matter, nutrients, and microbial activity near the
surface [19]. Several studies found that even mite, generally widespread in soils under no-till practices
or uncultivated soils, are negatively affected by conventional tillage, especially those belonging to
Oribatida [20–22]. Cortet et al. [15] observed a reduction by more than 50% in the number of Acari
in tilled soil. On the other hand, even if it has been widely accepted that Collembola are highly
discriminant among agricultural management systems, the response is inconsistent between studies.
For example, Filser et al. [23] found a higher abundance of Collembola associated with intensive
and moderate systems compared to sustainable systems, suggesting that springtails can create large
populations under high management intensity; while Maraun et al. [24] suggested that Collembola are
sensitive to mechanical disturbances, even more than oribatid mites. Not only Collembola, but also
Isopoda and Pauropoda meet a significant reduction caused by mechanical and chemical perturbations
produced in conventional agricultural management practices [25,26]; for instance, Palacios-Vargas [27]
noted that Pauropoda are very sensitive to agricultural practices, the impact of which is demonstrated
to have reduced their populations by about 70%. Moreover, since Symphyla are negatively affected by
high bulk density, soil compaction through tillage practices is suggested to influence their occurrence
as well [26].

Another decisive factor, when assessing the effect of management practices on soil arthropods,
is crop rotation [18]. Meyer et al. [28] discovered an ecological ‘memory effect’ in the soil community,
i.e., an influence from the preceding crops on soil fauna composition, suggesting that crop rotation can
be a useful tool to increase arthropod biodiversity and biomass, particularly in areas managed with
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monocultures. Actually, Jones et al. [29] observed that monoculture cropping system is considered a
cause of decrease in the diversity of microhabitats, thus of Isoptera.

On the other hand, organic fertilizers, like manure, are generally beneficial to almost all soil
organisms, even though these beneficial effects may be partly due to the high number of soil arthropods
found in the manure itself [30]. Nevertheless, the dosage could affect the outcome of the fertilizer
and occasionally produce negative effects [31]. On the other hand, Kautz et al. [32] suggested that
the abundance of soil arthropods increases differently depending on regimes of organic manuring;
for example, they found that the application of straw and green manure increased the abundance of
soil arthropods, contrary to mineral nitrogen. They also highlighted that fertilizer application could
not take enough time for a significant induced modification of the fauna composition, so only effects
on abundance may be observed. Nevertheless, Cluzeau et al. [33] noted that Collembola abundance
increased with both mineral and organic fertilization, while mites tend to take more advantages by
fertilisation with manure than using mineral fertilisers alone [34].

Changes in species diversity can be observed between crops, depending on plant physiology
and consequently on biochemical processes and metabolism. These properties acquire much more
importance since the carbon intake of below-ground soil fauna could derive from roots, other than from
litter [35]. For example, compared to sugar beets, wheat plants generally possess a more complex system
of roots and associated microorganisms, along with greater quantities of exudates [36]. Thereby, wheat
rhizosphere could provide a more diversified food base for soil organisms. Sticht [37] suggested that
these different nutritional conditions affect the community composition and dominance distribution
of collembolans, leading to greater diversity under winter wheat. This result is supported by other
organisms such as carabid fauna: Holland and Luff [38] found that although no species has been linked
with a particular crop plant, the greatest difference occurs between winter sown crops (namely, cereals
and oilseed rape) and spring sown root crops (namely, potatoes, sugar beet, maize, carrots), with the
latter ones usually having lower abundance and diversity. Moreover, this study also suggests that
differences at the species level could be a consequence of the microclimate established in root and
cereal crop systems, it being much drier and warmer in cereals.

In order to protect natural resources and environment, the Emilia-Romagna Region (located in
north-central Italy, between the Po River and the Apennine Mountains) has adopted soil conservation
management practices. The aim is to achieve production with less pesticides, chemicals, and water
inputs and reductions in CO2 emissions, as required by the EU’s Common Agricultural Policy
(CAP 2014–2020). To support this policy, in 2013, Emilia-Romagna and four other northern Italian
regions (Friuli Venezia Giulia, Veneto, Lombardy, and Piedmont), set up a Life project called HelpSoil,
which ended in June 2017. This project was financed by the European Commission and aimed to
compare soil management practices of conservation agriculture (no/minimum tillage, permanent soil
cover) with conventional plowing-based techniques on twenty demonstration farms located in the
five regions. In addition to the Life HelpSoil project goals, additional soil samples were collected
on three chosen farms of the Emilia-Romagna, in order to improve understanding of soil arthropod
communities in different agricultural systems. This paper reports the results of this study, which aimed
to evaluate how different crops and soil management practices affect soil arthropod communities,
in terms of both abundance and composition, as well as soil biological quality using QBS-ar, index
applied on soil arthropod community [39]. In detail, our hypotheses are: (i) comparing the effects
of conventional (higher disturbance) and conservation (lower disturbance) farming practices on soil
arthropod communities, we assume that minimum disturbance increases soil arthropods abundance
and diversity; (ii) highlighting the effects of cover crops on soil arthropod communities between and
within agronomic and sub-irrigation systems, we assume that permanent soil cover can promote soil
arthropods. At the end, individualization of the most sensitive arthropod taxa (at orders or class level)
to agricultural practices, may target potential indicators of soil health in agricultural ecosystems.

3
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2. Materials and Methods

2.1. Farm Characteristics and Soil Management

In the present study, the fields belonging to three farms (Ruozzi, Gli Ulivi, and Cavallini) located
in the Emilia-Romagna region (Northern Italy) were monitored from 2014 to 2017 through four
sampling periods (autumn 2014, spring and autumn 2015, spring 2017). The three farms are inserted
in an intensive agriculture scenario characterized by cereal, cereal-forage crop and fruit production,
where soil threats and environmental issues are different due to different pedo-climate conditions
(Figure 1).

 

Figure 1. Geographical position of the three farms in the Emilia-Romagna region, using ArcGIS
(version 10.4.1) and Google Earth Pro (v. 7.3.2.5776): (A): Ruozzi farm; (B): Gli Ulivi farm; (C): Cavallini
farm [40–43].

Two management types, i.e., conventional (CNV) and conservation (CNS), were compared on
both Ruozzi and Gli Ulivi farms. Conservation practices only were adopted on Cavallini farm. In this
farm, the presence/absence of sub-irrigation was compared. Soil data were determined according to
the official methods of soil analysis in Italian legislation (DM 13/09/1999 SO n.185; Table S1) [44]. Crop
types for each sampling period in the three farms—Ruozzi, Gli Ulivi, and Cavallini—are shown in
Table 1.

The Ruozzi agro-zootechnical farm is located in the Po alluvial plain, Reggio Emilia province
(Figure 1A). The soil is classified as fine, mixed, active, mesic Vertic Calciustept (USDA 2010), and is
characterized by a high percentage of clay up to 100 cm deep; consequently, it is subject to cracking in
the dry period and is very adhesive and plastic when wet (Table S1). One of the main problems of
this farm is to ensure good soil drainage and the use of innovative techniques for manure fertilization,
aimed at reducing ammonia emissions. The land was used for forage crops (feed wheat from October
2013 to May 2014), followed by a short annual forage crop sown after wheat and harvested in August
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2014, and cereal (corn from April to September 2015 and wheat from October 2015 and June 2016);
no-tillage practice was adopted under the conservation management, and the permanent cover of soil
was ensured through cover-crops (from September 2014 to April 2015) and crop residues during winter
2016/2017. At the sampling periods, the fields (both conventionally and conservatively managed) were
covered with crop residues after the annual forage crop in September 2014; corn in June 2015; wheat in
November 2015; bare soil after tillage in the conventional system, and crop residues of wheat in the
conservation system in March 2017 (Scheme S1A).

Table 1. Crop types for each sampling period in the three farms: Ruozzi, Gli Ulivi, and Cavallini.

Sampling Period Management Irrigation System Ruozzi Gli Ulivi Cavallini

2014-Autumn CNV NS After annual forage crop,
soil covered by crop residues Alfalfa -

CNS NS After annual forage crop,
soil covered by crop residues Alfalfa Cover crop

S - - Dried weed

2015-Spring CNV NS Corn Wheat -
CNS NS Corn Wheat Soybean

S - - Soybean

2015-Autumn CNV NS Wheat Bare soil -
CNS NS Wheat Cover crop Cover crop seeding

S - - Wheat seeding

2017-Spring CNV NS Bare soil Wheat -

CNS NS After wheat, soil covered by
crop residues Wheat After soybean, soil

covered by crop residues

S - - After wheat, soil covered
by crop residues

CNV: Conventional management, CNS: Conservation management, NS: No Sub-irrigation system,
S: Sub-irrigation system.

The Gli Ulivi agro-zootechnical farm is located on the hills of the Romagna Apennines (in the
south-east of the E-R region) (Figure 1B). The soil is classified as fine loamy, mixed, superactive,
mesic Typic Haplustept (USDA 2010), and is characterized by medium-texture calcium carbonate
aggregations, low content of organic carbon, and a 10 to 40% slope (Table S1). Due to the slope, the soil
is difficult to work and is vulnerable to water erosion; consequently, fertility loss is one of the main
problems of this place. The land was used for forage crops (alfalfa at its 4th year of vegetation until
October 2014) and cereal (wheat in 2014/2015 and 2016/2017, sorghum from May to October 2016);
no-tillage practice was adopted under the conservation management, and the permanent cover of soil
was ensured through cover-crop (from August 2015 to March 2016). At the sampling periods, the fields
(both conventionally and conservatively managed) were covered with alfalfa in September 2014; wheat
in May 2015; bare soil after tillage in the conventional system and cover crop in the conservation system
in November 2015; wheat in March 2017 (Scheme S1B).

The Cavallini farm is a fruit and cereal farm located in the plain of the Po’s ancient delta (Figure 1C).
The soil is classified as fine silty, mixed, superactive, mesic Typic Calciustept (USDA 2010), and is
characterized by medium to moderately coarse texture, low content of organic carbon and rich in
carbonate (Table S1). The soil is susceptible to crusting due to the high percentage of silt in the topsoil,
while the presence of sand in depth increases the risk of water deficit. On this farm, both test fields
considered in this study were subject to conservation management, but only one had a sub-irrigation
plant to limit water consumption. The land in the sub-irrigated field (S) was used for wheat (in both
2013/2014 and 2015/2016) and soybean (from May to October 2015); the other field (NS) was for wheat
(in 2013/2014) and soybean (from June to October in both 2015 and 2016). No-tillage practice was
adopted in either systems, and the permanent cover of soil was ensured through the use of cover-crop
(before soybean in both fields) and crop residues (from autumn 2016 to spring 2017). At the sampling
periods, the fields were covered with dried weed in the sub-irrigation system, and cover crop in the no
sub-irrigation system in October 2014; soybean in both systems in June 2015; wheat seeding and cover
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crop seeding, in the sub-irrigation system and no sub-irrigation system, respectively, in November
2015; crop residues of wheat and soybean, in the sub-irrigation system and no sub-irrigation system,
respectively, in March 2017 (Scheme S1C).

2.2. Soil Sampling and Arthropod Extraction

Each field was sampled four times during the monitoring period (autumn 2014, spring and
autumn 2015, spring 2017). Each time, three replicates of soil cores (10 × 10 × 10 cm) were collected
from each field, starting of the field center, following a triangle path, and sampling 60 m away from
the other two points. Arthropod extraction was performed by Berlese-Tüllgren funnel for 10 days.
The extracted specimens were collected and preserved in 75% ethyl alcohol and 25% glycerol by
volume. For defining soil biological quality, the QBS-ar index was applied. This index is based on the
biological form approach: (1) the arthropod groups classified at class level for Myriapoda, order level
for Hexapoda, Chelicerata, and Crustacea; (2) the different adaptation level of specimens belonging to
the same taxon; (3) the adults and larvae of Holometabolous insects (Diptera, Coleoptera, Lepidoptera,
Hymenoptera) are considered separately, taking into account the different role and soil adaptation of
these two stages. Following the QBS-ar protocol, an ecomorphological score (EMI) was assigned to
each taxon found, ranging between 1 and 20 depending on their adaptation to soil (1: low adaptation;
20: maximum adaptation) [39,45]. For each replicate, the QBS-ar value was calculated as the result of
the sum of the highest EMI values for each taxon [39].

2.3. Statistical Analysis

Given the particular situation of each location (resulting from specific soil properties; Table S1),
consequently to the differences in agricultural management, the statistical analysis was carried out
separately per farm.

Linear mixed modelling, using lme4 package, was conducted to evaluate the effect of independent
factors on the dependent variable [46]. Managements (conservation vs. conventional) and crop types
were considered as independent factors for Ruozzi and Gli Ulivi, whilst for Cavallini sub-irrigation
(sub-irrigated vs. not sub-irrigated) replaced management in the model. The dependent variables,
analysed one at a time, were: total arthropod abundance, number of ecomorphological groups (EMI),
QBS-ar value, proportion of the groups with EMI 20, and the abundance of the biological forms
highly representing the soil fauna total abundance, so ≥3%, detected on each farm (i.e., Acari and
Collembola on the three farms, Hymenoptera on Ruozzi and Gli Ulivi, Symphyla and Diptera larvae
on Cavallini). All factors and interactions were modelled as fixed effect, using a within-subject design
to account for repeated measures in the fields. The significance of the model compared with others
(with different implementation) was evaluated using log-likelihood ratio. Pair-wise comparisons using
the least square means were performed with multcompView and lsmeans packages [47] by applying
Holm-Sidak correction for multiple interaction comparisons.

Non-metric multidimensional scaling (NMDS), based on Bray-Curtis dissimilarity index,
was performed to visualize how patterns (farms and crop type first, and subsequently management
and crop type) influenced the grouping of arthropods communities. The results were plotted in an
NMDS ordination diagram, fitting them onto the first two axes. Permutational multivariate analysis
of variance (PERMANOVA) was used to test for differences in assemblages among the different
patterns visualized with NMDS. In each farm, after a significant PERMANOVA test, an analysis of
similarity percentages (SIMPER) was used to test which arthropod groups were driving the differences
in assemblages within and between managements. Ordination, PERMANOVA, and SIMPER were
performed with the vegan package [48].

Square-root and arcsine transformations were applied on count data and proportions, respectively,
in order to meet homoscedasticity and normality of the residuals [49]. A p-value ≤ 0.05 was considered
significant. All analyses were performed using R (version 3.6.3) [50].
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3. Results

Overall soil arthropod abundance ranged between 382 and 44,222 ind./m2 of soil. The highest
density was observed on Ruozzi farm, in the field conservatively managed under wheat (November
2015), whereas the lowest value was observed on the same farm, but in the field conventionally
managed with corn (June 2015; Table S2A). Twenty biological forms were extracted in total, with a
minimum of three on the Cavallini farm in the sub-irrigated field after wheat seeding (November
2015; Table S2C), and a maximum of thirteen on Gli Ulivi farm in cover crops (November 2015) in the
conservatively managed field (Table S2B). The most abundant groups were Acari (44%), Collembola
(37%), Hymenoptera (12%), Coleoptera larvae (1%), Diptera larvae (1%), and Symphyla (1%), accounting
for approximately 97% of the organisms collected. Other groups such as Hemiptera, Coleoptera
adults, Psocoptera, Araneae, Chilopoda, Pauropoda, and Protura comprised >2%; the remaining
taxa were Diplopoda, Thysanoptera, Diplura, Isopoda, Diptera, and Lepidoptera larvae, and reached
totally <1%. Among the groups, Acari and Collembola were ubiquitous, but their abundances varied
greatly depending on soil management and crops. Both crop typology and farm, as well as their
interaction, were correlated with community assemblages, as confirmed by PERMANOVA (p ≤ 0.001,
for both factors and their interaction; Figure 2), so the following analyses were performed separately
for each farm.

Figure 2. Bray-Curtis based NMDS plot of the arthropod community composition. Points represent
samples. “Spider” diagrams connect each point to the belonging farm: ROZ: Ruozzi farm, in black,
ULV: Gli Ulivi farm, in red, and CVL: Cavallini farm, in grey. Ellipses represent crop variables.
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3.1. Ruozzi Farm

Differences were observed between crop typology as regards the total abundance of soil arthropods
(p < 0.01; Figure 3A). Contrary, no differences were highlighted between CNV and CNS.

Figure 3. Barplots and standard error of (A): total arthropod abundance (ind./m2); (B): number of
ecomorphological groups; (C): QBS-ar value; (D): the proportion of groups with EMI 20. Results
for crop types in the three farms are shown; after annual forage crop (a.f.), after wheat (a.w.) and
after soybean (a.s.). In the legend, CNS: conservation (or NS: no sub-irrigation system) and CNV:
conventional management (or S: sub-irrigation system). Within management, significance (p ≤ 0.05) is
indicated by different letters. Between management, significance is indicated with asterisks: ** p ≤ 0.01.

However, this variable appeared to be affected by the interaction between management and
crops (p < 0.01); a difference was indeed highlighted between CNV and CNS in wheat (November
2015) In CNS, soil arthropod abundance in wheat was higher than in the three other crops. In CNV,
the different crops showed no significant differences. The number of groups was significantly influenced
by the type of crops (p < 0.01; Figure 3B): in CNS, it was significantly higher in crop residues after
annual forage crop (September 2014) than in crop residues of wheat (March 2017); even in CNV, crop
residues after forage crop (September 2014) were higher than corn (June 2015) and wheat (November
2015). The number of groups did not differ between management types. In terms of QBS-ar index, crop
type was the only factor affecting the dependent variable significantly (p < 0.001; Figure 3C). Within
soil management, CNS showed a significant difference between corn (June 2015) and crop residues
of wheat (March 2017), higher in the latter, and the same result was highlighted in CNV. The same
differences were highlighted for the proportion of EMI-max values (crop type factor only was found
significant, p < 0.001), where the differences between corn (June 2015) and crop residues of wheat
(March 2017) were significant in both managements (Figure 3D). Moreover, the proportion of groups
with EMI max found in crop residues of wheat within CNS (March 2017) was significantly higher
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than crop residues after annual forage crop (September 2014). The community dissimilarity between
samples in Ruozzi farm was explained by both management and crop typology, as well as by the
interaction between them (p < 0.001, for both factors and their interaction; Figure 4).

Figure 4. Bray-Curtis based NMDS plot of the arthropod community composition in Ruozzi farm.
Points represent samples. “Spider” diagrams connect each point to the belonging management type:
CNS: conservation, in grey, and CNV: conventional, in black. Ellipses represent crop variables. To avoid
overlapping, only the six more abundant groups were labelled.

Results of SIMPER analysis are shown in Table S3A. Overall dissimilarity within CNV was higher
than 50% in all contrasts that involve corn, and was due mainly to Collembola, Acari, Hymenoptera,
and Diptera larvae (Table S3(A1)). While, within CNS, an overall dissimilarity higher than 50% was
observed only between wheat and crop residues of wheat, with Collembola, Acari, and Hymenoptera
accounting for more than 70% of the dissimilarity. Corn and wheat dissimilarities between management
were higher than 50% and influenced by Acari, Collembola and, for wheat, Hymenoptera (Table S3(A2)).

On Ruozzi, Acari, Collembola, and Hymenoptera represented the most abundant groups (46%,
45%, and 6%, respectively). Considering the differences within the single group abundance, Acari
were observed to be influenced by management, crop type, and the interaction between these two
factors (p < 0.01, p < 0.01 and p < 0.05, respectively; Figure 5A).
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Figure 5. Barplots with standard errors of the abundance (ind./m2) of the taxa that represent ≥ 3% of
the total abundance of the soil fauna found in each farm. In the three farms, (A): Acari; (B): Collembola.
In Ruozzi and Gli Ulivi farms, (C): Hymenoptera. In Cavallini farm, (D): Symphila; (E): Diptera larvae.
Results for crop types are shown; after annual forage crop (a.f.), after wheat (a.w.), and after soybean
(a.s.). In the legend, CNS: conservation (or NS: no sub-irrigation system) and CNV: conventional
management (or S: sub-irrigation system). Within management, significance (p ≤ 0.05) is indicated by
different letters. Between management, significance is indicated with asterisks: ** p ≤ 0.01.

Although conservation management results in higher Acari abundance than the conventional
one, post-hoc comparisons highlighted no difference between a specific combination of management
and crop type. However, within the same management, the abundance of Acari was higher in wheat
in CNS (November 2015) compared to the other crops. In addition, the Acari abundance was lower
in corn in CNV (June 2015) compared to the other crops. Collembolan abundance was affected by
both management and crop type, as well as by their interaction (p < 0.001, p < 0.01 and p < 0.001,
respectively; Figure 5B). This group highlighted a difference between the two managements in wheat
(November 2015). Differences are observed within CNS management, where wheat showed the highest
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abundance of this group when compared to crop residues after annual forage crop (September 2014,
p ≤ 0.01), corn (June 2015), and crop residues of wheat (March 2017). The Hymenoptera group, on the
other hand, was affected by crop type factor only (p < 0.05), showing the same trend of Collembola
in CNS when comparing wheat with crop residues of wheat (March 2017; Figure 5C). Within CNV
management, Hymenoptera displayed the highest abundance in crop residues after annual forage crop
(September 2014) when compared to wheat (November 2015) and bare soil (March 2017).

3.2. Gli Ulivi Farm

The total abundance of arthropods in the soils of Gli Ulivi farm highlighted no differences
depending on conservation or conventional management only (Figure 3A). On the other hand,
there emerged differences depending on crops and their interaction with management type (p < 0.01;
p < 0.001 respectively): a higher abundance in CNS was detected with cover crop (November 2015)
when compared to CNV with bare soil (November 2015). Within management type, in CNS under
cover crop (November 2015) abundance was higher than under alfalfa (September 2014); while in CNV,
higher abundance was observed in wheat (May 2015) when compared to bare soil (November 2015).
The number of groups resulted affected both by management and crop type, and by the interaction
between the two factors (p ≤ 0.1; p < 0.001; p ≤ 0.001; Figure 3B). As for the abundance, a higher number
of groups was found in CNS cover crop when compared to CNV bare soil (both in November 2015);
within CNS, instead, differences were highlighted in the March 2017 wheat, which was lower than the
May 2015 wheat, and the November 2015 cover crop. No differences were observed for the QBS-ar
comparison, neither between managements systems or different crops within the same management,
nor for the interaction of the two factors (Figure 3C). Differently, the proportion of groups with EMI 20
showed differences associated with crops and their interaction with management type (p < 0.01 and
p ≤ 0.01, respectively; Figure 3D). Post-hoc analysis highlighted only one difference within conventional
management, between wheat (May 2015) and bare soil (November 2015), in which the EMI max was
higher in the latter. The significance of management, crop variable, and their interaction were assessed
with PERMANOVA after fitting management and crop variables onto community ordination (p < 0.01,
for management and crop type, and p < 0.05, for their interaction; Figure 6).

From SIMPER analysis was observed an assemblage dissimilarity higher than 50% only within
CNV, between wheat and bare soil, where Hymenoptera, Acari, Collembola, Psocoptera, and Hemiptera
accounted for a cumulative dissimilarity of more than 70% (Table S3(B1)). Between managements,
bare soil and cover crop account for an overall dissimilarity of 60%, mostly determined by Collembola,
Acari, Hymenoptera, and Diptera larvae (Table S3(B2)).

On Gli Ulivi, Acari, Collembola, and Hymenoptera represented the most abundant groups (39%,
32%, and 23%, respectively). Acari abundance showed differences only in the interaction between
management and crop type (p < 0.01; Figure 5A). No differences emerged from the post-hoc analysis
for the four conditions between the two managements. Within the same management, some differences
were detected only in CNS: alfalfa (July 2014) showed lower Acari abundance than wheat (May 2015)
and cover crop (November 2015). Like Acari, differences were observed in the interaction between
management and crop type for Collembola (p ≤ 0.001): a higher abundance of collembolans was
found in CNS with cover crop compared to bare soil in CNV collected in the same sampling period
(November 2015; Figure 5B). Within the same management, only CNS showed a difference—higher in
cover crop (November 2015) than in wheat (May 2015). The Hymenoptera abundance appeared to
be affected by crop type only (p < 0.05; Figure 5C). The abundance of this group was generally low
or absent in both managements and in all crops, except for the CNV wheat in May 2015, which was
higher than all other crops.
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Figure 6. Bray–Curtis based NMDS plot of the arthropod community composition in Gli Ulivi farm.
Points represent samples. “Spider” diagrams connect each point to the belonging management type:
CNS: conservation, in grey, and CNV: conventional, in black. Ellipses represent crop variables. To avoid
overlapping, only the six more abundant groups were labelled.

3.3. Cavallini Farm

On the Cavallini farm, neither total abundance, number of groups and QBS-ar, nor the proportion
of groups with EMI 20 appeared to be affected by the presence (S) or absence (NS) of sub-irrigation
system and crop type. PERMANOVA revealed an influence of the irrigation system and crop type,
and the interaction between them, on arthropods assemblages (p < 0.001, for irrigation system and
crop type, p ≤ 0.01, for their interaction; Figure 7).

In Cavallini, within management dissimilarities in arthropods assemblages higher than 50% were
observed in S between soybean and wheat seeding, with Acari, Collembola, Symphyla, Hemiptera,
and Coleoptera accounting for a cumulative dissimilarity of 71% (Table S3(C1)). Within NS, all contrasts
that involve soybean had an overall dissimilarity higher than 50%, as well as the contrast between
cover crop and crop residues of soybean, and in both cases, these dissimilarities were due to at least
five arthropods groups. Between S and NS, overall differences in arthropods assemblages were less
than 50% for all crop types (Table S3(C2)).

Moreover, the community composition on Cavallini farm differed from the ones of Ruozzi and
Gli Ulivi (Figure 2). The most abundant groups on Cavallini farm were Acari, Collembola, Symphyla,
and Diptera larvae (52%, 31%, 5%, and 3%, respectively). Acari abundance appeared to be affected by
the interaction between sub-irrigation system and crop type (p < 0.05; Figure 5A). Post-hoc analysis,
however, highlighted no specific combination of the two factors. Collembolans showed an influence of
crop type (p < 0.001; Figure 5B). Within NS, soil with crop residues (March 2017) resulted in higher
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Collembola abundance than the other crop types, i.e., cover crops (October 2014), soybean (June 2015),
and cover crop seeding (November 2015). Within S, instead, differences were highlighted between
wheat seeding (November 2015) and dried weed (October 2014, with higher abundance of collembolans
in the former. Symphyla abundance appeared to be affected both by crop type and its interaction
with the sub-irrigation system (p < 0.001 both; Figure 5D). In March 2017, crops residues in S showed
a higher abundance of Symphyla than the NS ones, whilst within S, the abundance in the wheat
seeding (November 2015) resulted lower than in soybean (June 2015) and in crop residues (March 2017).
Diptera larvae were affected by crop type only (p < 0.001; Figure 5E). Where sub-irrigation was absent
(NS), cover crop (October 2014) and soybean (June 2015) showed lower results than cover crop seeding
(November 2015) and crop residues (March 2017). In the presence of sub-irrigation (S), the number of
Diptera larvae was higher in crop residues (March 2017) compared to cover crop (October 2014) and
soybean (June 2015).

Figure 7. Bray–Curtis based NMDS plot of the arthropod community composition in the Cavallini
farm. Points represent samples. “Spider” diagrams connect each point to the belonging irrigation
system: NS: no sub-irrigation, in grey, and S: sub-irrigation, in black. Ellipses represent crop variables.
To avoid overlapping, only the six more abundant groups were labelled.

3.4. Comparison between the Ruozzi and Gli Ulivi Farms

On the basis of the community data visualized through NMDS, Ruozzi and Gli Ulivi farms
appeared to be more similar to each other than Cavallini (Figure 2), thereby allowing a comparison
between their results. On both farms, total arthropod abundance appeared to be affected by crops and
their interaction with management type, but not by management itself only. Moreover, a similar trend
was observed in the differences found between 2014 and autumn 2015 in conservation management,
and in autumn 2015 between conservation and conventional management, despite the different crops
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on the two farms (Figure 3A). On the other hand, the number of groups appeared to be a more sensitive
variable on the Gli Ulivi farm, where it was affected by both management and crops and by their
interaction, while only crop type showed an impact on this variable on Ruozzi farm (Figure 3B).
On Ruozzi, crop type was the only factor affecting QBS-ar and the proportion of groups with maximum
EMI, showing the same response for both variables (Figure 3C). On the other hand, on Gli Ulivi,
QBS-ar did not appear to be significantly affected by the factors considered, while the proportion
of groups with EMI 20 was influenced both by crops and their interaction with management type
(Figure 3D). Changes in Acari and Collembola abundances followed roughly the same pattern on both
farms, and generally resulted higher in wheat, mainly in conservation on Ruozzi, while the other
most abundant groups did not appear to be linked to each other with a specific crop either (Figures 4
and 6). The abundances of Acari and Collembola were affected by the interaction between crops and
by management type on Ruozzi and on Gli Ulivi, and on Ruozzi by crops and management type
taken individually too (Figure 5A,B). High values were generally found in conservation management,
in wheat on Ruozzi and in cover crop on Gli Ulivi. Hymenoptera were affected by crop types on both
farms, but in no case by management (Figure 5C). Traditional and conservation management yielded
similar results for the three groups in 2017 on both farms.

4. Discussion

Perturbations on agroecosystem are typically much greater than the ones occurring on other
terrestrial ecosystems, particularly in the case of systems that are continuously cropped and subject to
disturbance caused by cultivation and other agricultural practices [51]. Some studies have indicated
land use, farming system (conventional or conservation), crop type and rotation in croplands, and other
aspects related to management (e.g., use of pesticides, herbicides, fertilizers) as factors affecting soil
fauna, both acting individually or interacting in agricultural landscapes [15,19,25,52,53]. By studying
the effects of different soil managements and crops on soil fauna on three farms, our research partially
confirms these observations: farm, intended as agricultural landscape, management, and crop type are
patterns that drive differences in soil fauna assemblages; however, other factors like total abundance,
diversity, or presence of adapted groups resulted more affected by crops than by management type.

Our results suggest that soil fauna variability, in terms of community composition, are largely
related to not only crop type, but also farm characteristics. Indeed, the three farms differed in soil and
climate conditions, and variations in soil type and properties could be important factors to determine
soil-inhabiting communities according to other studies [30,54]. Moreover, we found that arthropod
assemblages differ greatly depending on management and crop type. However, even if conservation
management generally shows higher abundance and biodiversity when compared with conventional
ones [55], in our study, we have found that they were not significantly affected by management type,
unless the interaction with crop type is considered. This result agrees with the findings by Bedano [56],
who observed no conclusive trends regarding no-till benefits when compared to reduced tillage or
conventional tillage. Moreover, Tuck et al. [54] highlighted that differences could be hidden by the
local management, in the sense that soil animals and chemicals can move through the landscape.
Our results could therefore be affected by the proximity of the conventionally managed fields to the
conservation ones, on both Ruozzi and Gli Ulivi farms. Furthermore, at the time of this study the
conservation practices had only been introduced three years earlier, and their positive effects could be
evident only after a longer time of application, especially on the arthropods which are more adapted to
soil, and consequently more sensitive, as estimated by the QBS-ar index. Indeed, Fiorini et al. [55]
highlighted the positive effects on QBS-ar index in a seven-year experimentation of no-till compared
with conventional agriculture practices, possibly related to the enhancement of SOC sequestration
potential, as well as a higher chance for edaphic fauna of developing morphological adaptation in soils
subject to less disturbance.

Tuck et al. [54] highlighted significant differences in the effect of organic farming among crop
types, mainly between cereals. We observed a similar trend on Ruozzi farm, where the soil arthropod

14



Agronomy 2020, 10, 982

abundance and diversity in corn differed from the one observed in wheat and wheat crop residues.
We found generally lower values in corn for both abundance and taxa, as well as for soil quality,
in terms of QBS-ar, and presence of groups more adapted to soil, notwithstanding a condition more
favourable to soil fauna in conservation management, a result supported by Winter et al. [57]. Moreover,
community assemblages in corn and wheat differed between managements, with a dissimilarity mainly
due to Acari and Collembola, respectively. In conservation management, wheat showed the overall
greatest abundance of soil arthropods, owing to the great number of Acari and, especially, Collembola
and Hymenoptera, while the total number of arthropod groups were generally higher in crop residues
of forage. The previous crop types in the field should be considered too, as noted by Cortet [15].
In this case, the influence of the previous crop is shown by the QBS-ar index, as well as by the
proportion of taxa with EMI 20, which suggest that the field that supported the most adapted fauna
was conservatively managed and had wheat residues. Conventional management showed a similar
trend in bare soil. This condition can be explained by the lower anthropogenic activity related to the
absence of a specific crop, followed by tillage as the only agricultural practice. Moreover, bare soil
community assemblages were similar for more than 60% to those found in conservation management
with crop residues of wheat. The effect of the previous crop appears to be emphasised on Gli Ulivi farm,
too, where wheat after alfalfa crop supported a higher number of groups, along with Hymenoptera
abundance, than wheat in 2017, perhaps a consequence of growing sorghum in the gap between cover
crop and wheat. Indeed, in both managements, community assemblage too differed more than 40%
between wheat after alfalfa and wheat in 2017, with Hymenoptera accounting for the greater difference.
Generally, as on the Ruozzi farm, results on Gli Ulivi agree with findings by Rizk [58], showing that
soil management techniques and crops that enhance diversity, as well as biological quality of the
soil, involved conservation management, cover crops, and crop residues. On Gli Ulivi, the difference
between conventional and conservation farming was evident in bare soil compared to cover crop,
for fauna composition, number of taxa, and abundance, mainly of Collembola. This difference is
probably due to the harrowing on bare soil in early November, practice that can drastically reduce
diversity and activity of soil fauna. This was supported by Maraun et al. [24], who suggested that
Collembola are sensitive to mechanical disturbances, even more than mites.

As reported by Menta and Remelli [59], some arthropod groups are widely used to detect soil
quality and the effects of soil managements; among these arthropods, Collembola and Acari are the
two most important groups in terms of abundance and species diversity [60], and subsequently the
most investigated taxa. In our study Acari and Collembola were the groups that accounted for the
greater dissimilarities, both within and between managements, generally followed by Hymenoptera.
Comparing the abundances of Acari and Collembola on the two farms, they are generally higher
on Ruozzi conservation wheat than on Gli Ulivi, where wheat appears to be a less favourable crop.
Van de Bund [61] suggested that, even if crops showed a considerable influence on the fauna of
mites and springtails, the preference for living under a special crop was not similar under different
types of soil. However, another explanation could be the use of slurry on Ruozzi farm, which could
increase the abundance of some tolerant arthropods like Collembola, while more sensitive ones could
disappear [62,63]. In this case, Symphyla, Chilopoda, and Coleoptera larvae were not present in
Ruozzi conservation wheat. Nevertheless, confirming Bund [61]’s observation that the abundances
of these groups were much greater within the root system of plants than in bare soil, the overall
distribution of Collembola and Acari in our study was similar on both Ruozzi and Gli Ulivi farms.
On Cavallini their relative abundance is lower and a higher proportion of other groups, such as
Symphyla and Diptera larvae, is observed, especially under sub-irrigation systems. Since Cavallini
fields are conservatively managed, Acari and Collembola would be expected to be more abundant,
even if the use of herbicides and fungicides on the farm, throughout the years, might have affected
these groups negatively, especially herbivore and fungivore collembolans. In those fields, where the
difference in management system was based on the presence of sub-irrigation, crop type influenced
fauna abundance and diversity, so that different groups were advantaged by different crops. Moreover,
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both the irrigation system and crop type influenced soil fauna assemblages. Under this conservation,
management differences were driven by much more groups than in Ruozzi and Gli Ulivi farms,
with some generally minor groups sometimes contributing more to the overall dissimilarity than Acari
and Collembola, such as Hemiptera, that appeared particularly linked to soybean. On the other hand,
decomposers generally prefer crop residues [64]. This is the case of Diptera larvae, widespread in crop
residues and cover crop seedings, in the latter case probably enhanced by the lack of predators such as
Araneae. Other taxa, such as Symphyla, generally take advantage of the interaction between crop and
sub-irrigation system, together with conservation management. Indeed, Peachey et al. [65] observed
that the number of Symphyla, which generally consume germinating seeds, plant roots, and plant
parts in contact with the soil, may increase as a consequence of reduced tillage, notwithstanding that
cover cropping seems to be the most powerful factor.

5. Conclusions

The aim of this study was to evaluate the effects of management systems and crop types on soil
fauna. Considering both factors, crop type seemed to have a greater effect on the arthropod community,
although the conservation system generally provides better conditions for soil fauna, often interacting
with crop. Indeed, biodiversity, in terms of soil arthropod abundance and number of groups, and soil
quality index, in terms of number of arthropods well adapted to soil, were higher in both conventionally
and conservatively managed fields when less impacted by anthropogenic practices, such as cover
crops and crop residues. However, arthropod assemblages respond to soil practices differently, thereby
highlighting different sensitivity to soil agricultural management and crops, with Acari, Collembola,
and Hymenoptera accounting for the major dissimilarities, as well as abundance. Further studies are
needed to clarify the effects of different agricultural management on soil faunal dynamics in the era of
agricultural sustainable intensification.
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Abstract: The diversification and intensification of crop rotations (DICR) in no-till systems is a novel
approach that aims to increase crop production, together with decreasing environmental impact.
Our objective was to analyze the effect of different levels of DICR on the abundance, biomass,
and species composition of earthworm communities in Argentinean Pampas. We studied three levels
of DICR—typical rotation (TY), high intensification with grass (HG), and with legume (HL); along
with three references—natural grassland (NG), pasture (PA), and an agricultural external reference
(ER). The NG had the highest earthworm abundance. Among the DICR treatments, abundance and
biomass were higher in HL than in HG and, in both, these were higher than in TY. The NG and PA
had a distinctive taxonomic composition and higher species richness. Instead, the DICR treatments
had a similar richness and species composition. Earthworm abundance and biomass were positively
related to rotation intensity and legume proportion indices, carbon input, and particulate organic
matter content. The application of DICR for four years, mainly with legumes, favors the development
of earthworm populations. This means that a subtle change in management, as DICR, can have a
positive impact on earthworms, and thus on earthworm-mediated ecosystem services, which are
important for crop production.

Keywords: soil; soil properties; macrofauna; earthworms; biodiversity; sustainability; soil
invertebrates; farming systems

1. Introduction

In the early 1990s in Argentina, genetically modified soybean cropping was approved. After this,
soybean monocropping, a wide adoption of no-till and an expansion of the agricultural area in
detriment of natural ecosystems occurred, and is still being carried out in the Pampas region.
The current agricultural system that prevails in our country is based on simplified practices, with very
low crop diversity, and it generates soils impoverished in structure and nutrients. Furthermore, it is
a system that is highly dependent on chemical inputs and GMOs [1–3]. However, in the last years,
no-till farmers attempted to improve the simplified, low rotation, or monocropping systems, with the
inclusion of “good agricultural practices” (GAP), as an integral part of no-till, i.e., mixed crop rotation,
cover crops, integrated pest-weed and disease management, nutrient recycling, and a rational use of
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agrochemicals [4–6]. The GAP promoted a higher particulate organic carbon (POC) content [7] and
induced favorable structural features [8] in the crop soils of the study region. Recently, some producers
began to explore a new no-till alternative, which implies the diversification and intensification of crop
rotations (DICR). Through means of intensifying the rotation sequences by including a greater number
of crops per unit of time, a more efficient and intensive use of environmental resources, such as water
and solar radiation is achieved. This higher efficiency allows us to maintain or increase crop production
per unit of time and area, in a less harmful way, and contributes to a higher C return to the soil [9–11].
Moreover, well-balanced sequences between grasses and legumes provide stubbles that increase the
contribution of C and N to the soil and consequently the productivity of the next crops [11].

Soil fauna perform important functions, including soil structure improvement, nutrient cycling,
and organic matter decomposition. These processes might become much more important in no-till
systems where there is no mechanical loosening of soil or mixing of soil and residues [12]. Among soil
fauna, earthworms are a fundamental component. They are considered “ecosystem engineers” for
their ability to directly or indirectly transform the availability of resources for their own benefit and
for other species [13]. Earthworms improve soil structure, renew the organic matter, participate in
the cycling of nutrients, and modify the bacterial community [14–17], directly and indirectly favoring
plant productivity [18]. In a recent meta-analysis, Van Groenigen et al. [19] estimated that the presence
of earthworms in agroecosystems produced an average increase of 25% in crop yields and a 23%
increase in the aerial plant biomass. In a previous study in the Pampas region, we demonstrated that
in no-till systems with GAP, earthworms significantly contributed to C incorporation, via differential
consumption of soils enriched in organic matter and the consequent enrichment of earthworm
aggregates (in no-till, 100% more POC was found in earthworm aggregates than in the surrounding
soil). Furthermore, we also demonstrated that they contributed to soil structure through the production
of macroaggregates that are more stable to water disruption than those physically generated [20].
Therefore, the conservation of the earthworm community is a key aspect to develop strategies that aim
to increase agricultural productivity in a more sustainable way.

Soil management practices affect earthworm populations by affecting the food supply, mulch
protection, and the chemical and physical environment [12]. The beneficial effects of no-till on
earthworm populations compared to conventional tillage is widely demonstrated [21–23]. Some authors
also highlight the importance of incorporating cover crops and of diversifying rotations to increase
earthworm biomass and abundance in agricultural systems (e.g., [18,24]). Although several studies
were carried out on earthworm communities in the agricultural soils of the Pampas region [4,25–27],
and the positive effect of the inclusion of GAP was demonstrated [6], there are no studies that
evaluated the effect of the different levels of diversification and intensification of crop rotation in
no-till, on earthworm communities. The DICR is a relatively recent management approach through
which economic sustainability is being tested by some producers, and whose impact on environmental
sustainability indicators is extremely necessary to be evaluated. Therefore, the objective of the
present study was to analyze the effect of different levels of diversification and intensification of crop
rotations on the abundance, biomass, and species composition of the earthworm community. For this,
we studied three levels of DICR in no-till systems—(1) typical rotation, (2) high intensification with
grass, and (3) high intensification with legume. In addition, two internal references systems, a natural
grassland and a long-term pasture, and an external reference of no-till with low rotation were studied.
We hypothesized that—(1) earthworm abundance and biomass will be higher in the natural grassland
than in the agricultural sites, and among them, on the higher rotations with higher DICR levels, with
the highest positive effect on legume than grass rotation; and (2) the natural grassland will have a
higher species richness and different community composition, compared to the agricultural treatments,
because they can harbor species that are highly sensitive to the disturbances produced by agriculture.
Among agricultural treatments, the most intensified and diversified rotation will have a community
composition more similar to that of the natural grassland than the lower rotation treatments, because
they contributed to a more diverse and better quality food for earthworms.
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2. Material and Methods

2.1. Study Area

A field experiment with different levels of DICR was carried out in four localities in the most
productive area of the Pampas region of Argentina. Two localities were localized in the Buenos
Aires province, close to the Ines Indart (34◦23′48′′ S, 60◦32′29′′ W; “La Matilde” farm) and Baradero
(33◦48′37′′ S, 59◦30′17′′ W; “Las Matreras” farm) cities. The two others were localized in the Santa Fe
province, near the Venado Tuerto (33◦44′40′′ S, 61◦58′09′′ W; “Carmen” farm) and Uranga (33◦15′44′′ S,
60◦42′28′′ W; “San Nicolas” farm) cities (Figure 1). Soils in the area were Mollisols (USDA Soil
Taxonomy) or Phaeozem (World Reference Base for Soil Resources); in La Matilde, Las Matreras,
and San Nicolas, the soils were Typic Argiudolls (silty clay loam), according to the USDA classification,
with a well-developed illuvial horizon (Bt), while the Hapludolls soils dominate in Carmen, with a
higher sand proportion [28,29]. Climate in the region was temperate sub-humid with a dry season
in winter, and with a mean annual temperature at about 16–18 ◦C. The mean annual precipitation
in the La Matilde, Las Matreras, and San Nicolas was about 950–1100 mm, while in Carmen, it was
about 850–950 mm. The relief in the region was flat with a gentle slope, which was, in all sites, lower
than 0.5%.

 

Figure 1. Study area in the Pampas region of Argentina. The farms are represented by black-filled
figures, the main cities are represented by the dotted figures and the routes are shown by the dotted lines.

2.2. Experimental Design and Sampling

In 2011, farmers started the DICR field experiment in 4 localities. In each one, a large plot with a
single and homogeneous land-use history was selected for performing the DIRC experiment. In the
10 years prior to the beginning of the experiment, every plot was managed under no-till, with soybean
in the low-rotation scheme, and corn as the unique summer crop. Wheat was the only winter crop,
although bare soil during winter was a frequent situation. In each locality, these plots were subdivided
into four smaller plots, about 10 to 25 hectares for each one. In three of these plots, a crop rotation
scheme of 3-year cycles with variations in crop intensity and diversity was established. The rotation
scheme involved three DICR levels—TY (typical rotation), HG (high intensification with grass), and HL
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(high intensification with legumes) (Table 1). The fourth plot was cropped with a consociated pasture
legume/grass (PA), which is considered to be an internal reference system. Additionally, two other
references were selected—(1) natural grassland (NG), a site located in each farm with more than
30 years without agricultural intervention, with a mix of native and exotic grasses but without trees;
and (2) an agricultural external reference (ER), an agricultural plot located near each farm, selected
as representing the usual agricultural management of the region (no-till with low-crop rotation or
soybean monocropping).

Table 1. Rotation scheme applied in each farm from the beginning of the essay. The sampling months
are highlighted with an arrow. 1◦: First sowing date (between October–December), 2◦: second sowing
date (from December) of the summer crops.

  
Agricultural year 

2011–2012 

Agricultural year 

2012–2013 

Agricultural year 

2013–2014 

Agricultural year 

2014–2015 

Agricultural year 

2015–2016 

  O N D J F M A M J J A S O N D J F M A M J J A S O N D J F M A M J J A S O N D J F M A M J J A S O N D J F M A M J 

La
s M

atr
er

as
 TY Corn 1° Soy 1° Wheat Soy 2° Corn 1° Soy 1° 

HL Corn 2° Pea Soy 2° Wheat Corn 2° Pea Soy 2° Soy 1° 

HG Sorghum 1° Wheat Corn 2° Sorghum 1° Wheat Corn 2° Sorghum 1° 

Sa
n N

ico
las

 TY Soy 2° Corn 1° Soy 1° Wheat Soy 2° Corn 1° 

HL Soy 2° Vetch Corn 2° Wheat Soy 2° Vetch Corn 2° Wheat Soy 2° 

HG Sorghum 2° Wheat Corn 2° Barley Sorghum 2° Wheat Corn 2° Barley Sorghum 2° 

La
 M

ati
lde

 TY Corn 2° Sorghum 1° Pea Corn 2° Sorghum 1° Pea Corn 2° 

HL Corn 2° Wheat Soy 2° Pea Corn 2° Wheat Soy 2° Pea Corn 2° 

HG Sorghum 2° Vetch Corn 2° Wheat Sorghum 2° Vetch Corn 2° Wheat Sorghum 2° 

Ca
rm

en
 TY Wheat Soy 2° Corn 1° Soy 1° Wheat Soy 2° 

HG Wheat Sorghum 2° Barley Corn 2° Wheat Sorghum 2° Barley Corn 2° 

HL Wheat Corn 2° Wheat Soy 2° Barley Corn 2° Wheat Soy 2° 

TY—typical rotation, HG—high intensification with grass, HL—high intensification with legume, PA—pasture,
NG—natural grassland, and ER—external reference. Soy —Soybean.

Once complete rotation cycle was attempted, we conducted our first sampling in May 2015 and a
second (monitoring) sampling in May 2016. In 2015, 24 plots were sampled, consisting of 6 treatments
(TY, HG, HL, NG, PA, and ER) in 4 localities (6 treatments × 4 localities), while in 2016, 12 plots were
sampled since (i) the trial in Carmen farm was discontinued by the farmers and (ii) only three DICR
levels, plus the PA as a reference were monitored (4 treatments × 3 localities). NG and ER were not
sampled because both are expected to be more stable over time, given the absence of environmental or
management changes; although this is also true for the PA, it was kept in the 2016 sampling, as an
important reference for being part of the same initial large plot than DICR treatments.

Two rotation indices were used to characterize the DICR levels, this is, the occupation time by
crops in rotations, expressed as crops per year of rotation [29,30]:

IRI (Intensification rotation index) = EPM/TDR,

where “EPM” are the days since crop emergence until physiological maturity, and “TDR” are the total
days of rotation; and

ILI (Intensification legume index) = LEPM/TDR,

where “LEPM” are the days since emergence until physiological maturity of the legume crop.
Additionally, the average carbon input (CIn) by year for each rotation was calculated as:

CIn =
∑

CInc (Bio × 0.4 × HC)/YR
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where “CInc” is the humified carbon input by each crop in rotation, “Bio” is the total biomass contributed
by the crop (aerial and root biomass), “0.4” is the C content of dry matter, “HC” is the humification
coefficient of the crop, and “YR” refers to the years of the rotation [29,31].

2.3. Earthworms

Earthworms were sampled by the standardized sampling method in ISO [32]. In each sampling
plot, five random sampling points were selected while avoiding the plot edges. In each point, a
soil monolith of 25 × 25 × 20 cm was extracted and split into layers—0 to 10 cm and 10 to 20 cm
in depth. The earthworms were obtained carefully by hand-sorting the soil sample and then fixed
in 96% alcohol. Once in the laboratory, earthworms were counted and weighed, and the adults
were identified to the species level, using the taxonomic keys of Righi [33], Mischis and Moreno [34],
Blakemore [35], and Momo and Falco [36]. Numbers and biomass of earthworms obtained from each
monolith (0.0125 m2) were expressed to 1 m2. Biomass was not obtained in 2016 because juveniles
were bred to maturity for taxonomic identification.

2.4. Soil Parameters

At each sampling point, soil samples were collected to determinate the following soil parameters:
Bulk density (BD) was determined by the cylinder method [37]. Soil samples were taken

from 0–10 cm and 10–20 cm soil depth as duplicate undisturbed samples, using 100 cm3 cylinders.
Each sample was wet-weighted, dried in the oven for 24 h at 105 ◦C, and weighted again, to perform
the calculation.

Particulate organic carbon (POC) after earthworm hand-sorting was carried out by collecting
100 g of soil from each monolith. The physical soil fractionation by particle size was conducted by the
wet sieving method described in [38], obtaining two fractions: <53 μ and >53 μ. The determination of
the CO content of each fraction was quantified by the Walkley & Black method [39].

Stubble biomass (Bio), i.e., the vegetable cover of each monolith was collected, dried in the oven
at 40 ◦C, and weighted.

2.5. Statistical Analyses

The effect of the treatments on earthworm abundance was analyzed by generalized mixed linear
models (GMLM). The models selected were those that presented the lowest AIC value [40] and a
ratio (deviance)/(degrees of freedom) lower than 2.5 [41]. The model selected for the 2015 data was as
follows—the treatment (TY, HG, HL, PA, NG, and ER) was considered as fixed factor; the locality (4),
the depth (0–10 and 10–20 cm), and the sample (nested into treatment and locality) were the random
factors. To analyze the effect of DICR treatments plus PA (reference) in both sampling years, a second
model was performed by considering the abundance data of 2015 and 2016, where only the three DICR
levels and the pastures were monitored. The selected model had the treatment (TY, HG, HL and PA) as
a fixed factor, and the locality (except CA), the year, and the sample (nested into treatment and locality)
as random factors. Due to data overdispersion, the abundance values were adjusted with a negative
binomial distribution. The Di Rienzo, Guzman, and Casanoves (DGC) a posteriori test [42] was used
to evaluate the significance of differences between treatments, when the p values were significant
(p < 0.01). For earthworm biomass, the effect of the treatments was analyzed by the general mixed
linear model and the model with the lowest AIC value was selected [43]. Prior to the analysis, data
were transformed with base 10 logarithm (Log 10 (x + 1)) to fit the normal distribution. The VarIdent
function was used to decrease the heterocedasticity of the data. In the selected model, the treatment
(TY, HG, HL, PA, NG, and ER) was considered to be a fixed factor and the locality and the depth (0–10
and 10–20 cm) were the random factors. To assess the significant differences between management
(p < 0.01), DGC was used as a posteriori test [42]. The species richness was analyzed by the general
mixed linear model [43]. The treatment (TY, HG, HL, PA, NG, and ER) was considered as a fixed factor,
while the locality was considered as a random factor. To assess the significant differences between
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management (p < 0.01), DGC was used as a posteriori test [42]. In both, biomass and richness models,
the assumptions of variance homogeneity and normality were analyzed graphically, and in addition,
normality was corroborated with the Shapiro-Wilks test.

To evaluate changes in the species composition of earthworm communities between the different
treatments, principal component analysis (PCA) was performed. Prior to the analysis the abundance
data were transformed according to Hellinger [44].

The relationships between earthworm abundance and biomass in 2015, with the soil and the
rotation parameters, were analyzed by mixed models. Each soil (Bio, BD, and POC) and rotation
(IRI, ILI, and CIn) parameter was considered as a fixed factor, and the locality was considered to be a
random factor. The earthworm abundance data were analyzed by generalized mixed linear models
with negative binomial distribution, while the log-transformed biomass data were analyzed by general
mixed linear models. For each model, conditional R2 was calculated using the “r.squaredGLMM”
function (which describes the proportion of variance explained by both the fixed and random factors).
The regressions of mixed models were plotted using the VISREG function [45].

All analyses were performed in R [46] and the Infostat [47] software.

3. Results

3.1. Earthworm Communities

The earthworm abundance in 2015 was affected by treatments (p < 0.0001) (Figure 2). The highest
abundance was observed in NG, which presented more than twice the observed abundance in HL
and ER. Among the DICR treatments, earthworm abundance was about twice in HL than in the HG
and TY rotations, which had the lowest earthworm abundances. As well as earthworm abundance,
the biomass in 2015 was also different between treatments (p = 0.0034) (Figure 3). The PA, NG, HL,
and ER had the highest biomass values. Among the DICR treatments, the HL had the highest biomass,
almost twice than in HG and TY, which had the lowest biomass of all treatments.

Figure 2. Earthworm abundance in the different treatments in 2015. Different letters indicate significant
differences between treatments (DGC, p < 0.05). TY—typical rotation, HG—high intensification with
grass, HL—high intensification with legume, PA—pasture, NG—natural grassland, ER—external
reference, and AIC—1140.72.
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Figure 3. Earthworm biomass in the different treatments in 2015. Different letters indicate significant
differences between treatments (DGC, p < 0.05). TY—typical rotation, HG—high intensification with
grass, HL—high intensification with legume, PA—pasture, NG—natural grassland, ER—external
reference, and AIC—11.72.

In the second abundance model, where the 2015 data of the DICR levels and the PA were analyzed
together with the data from 2016 monitoring, the effect of treatments on earthworm abundance was
significant (p = 0.0102); variance explained by year as a random factor was very low (0.11) suggesting
DICR treatment as the main explaining factor. The PA, HL, and HG had greater abundances with
respect to TY, confirming the observed differences in the first sampling year.

The species richness was significantly higher in NG (10 spp.) and in PA (7 spp.), than in ER
(4 spp.), HL (2 spp.), and in both HG and TY (3 spp.).

Regarding species composition of earthworm communities in the NG, a distinctive species
composition from the rest of the treatments was observed (PC1 50.4%), given by the presence of some
exclusive species like Metaphire californica, Amynthas gracilis, Glossodrilus parecis, Kenleenus armadas
and Aporrectodea rosea (Figure 4). The PA also presented a different species composition with respect
to most of the treatments, which is mainly evident through axis 2 (PC2 23.9%). An association of
HL, HG, and TY was observed, mainly due to the high abundance of Aporrectodea caliginosa and
Octolasion cyaneum in the three treatments.

3.2. Earthworm Relationships with Soil Properties and Management Parameters

Earthworm abundance and biomass were positively related to intensification rotation index (IRI)
(vs. abundance = R2 0.7769, p = 0.0012; vs. biomass = R2 0.7455, p = 0.0059) and ILI (vs. abundance = R2

0.9329, p = 3.95 ×10−12; vs. biomass = R2 0.7284, p = 0.0109) indices and to CIn (vs. abundance = R2

0.7076, p = 0.00562; vs. biomass = R2 0.7132, p = 0.00728) (Figure 5). In the case of IRI, the observed
pattern was also associated with treatments (Figure 5a,b); the PA was associated to the highest index
values and the highest values of abundance or biomass, the TY to the lowest and the HG and HL to the
intermediate values of both index and earthworm abundance or biomass. Regarding ILI, a pattern
of treatments association similar to that of IRI was observed, but the lowest values were observed in
the HG and not in TY treatment (Figure 5c,d). In the case of CIn, there was only an association of the
PA with the highest index values and highest earthworm abundance or biomass, but no pattern of
treatment association was clear among the other treatments (Figure 5e,f).
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Figure 4. Principal component ordination diagram of Hellinger transformed earthworm community
data showing the species vectors projected in the space formed by PCA axes 1 (50.4% of the variation)
and 2 (23.9%); for all treatments in the four localities in 2015. Multiple arrows at the same point indicate
an overlap of species. O.CYA (Octolasion cyaneum), A.CALI (Aporrectodea caliginosa), K.ARM (Kenleenus
armadas), G.PAR (Glossodrilus parecis), O.LAC (Octolasion lacteum), M.DUB (Microscolex dubius), A.TRAP
(Aporrectodea trapezoides), E.SAL (Eukerria saltensis), M.CAL (Metaphire californica), A.ROS (Aporrectodea
rosea), A.GRA (Amynthas gracilis), and A.GEO (Allolobophora georgii). TY—typical rotation, HG—high
intensification with grass, HL—high intensification with legume, PA—pasture, NG—natural grassland,
and ER—external reference.

Figure 5. Relationship between intensification rotation index (IRI), intensification legume index (ILI),
and Carbon input (CIn) with earthworm abundance and biomass, in the diversified and intensified
rotations and pasture in 2015. (a) IRI vs. abundance, (b) IRI vs. biomass, (c) ILI vs. abundance, (d) ILI
vs. biomass, (e) CIn vs. abundance, (f) CIn vs. biomass. Shading areas are the confidence intervals
95%. TY—typical rotation, HG—high intensification with grass, HL—high intensification with legume,
and PA—pasture.

28



Agronomy 2020, 10, 919

Regarding the relationships with soil parameters, earthworm abundance and biomass showed a
positive marginally significant regression with POC content (vs. abundance, R2 = 0.6704, p = 0.0584; vs.
biomass R2 = 0.6902, p = 0.0481) (Figure 6). The PA was associated with a higher POC and abundance
and biomass values, while among DICR treatments, no clear pattern of treatment association was
detected. There were no significant relationships between BD and Bio with earthworm abundance
and biomass (BD vs. abundance p = 0.165; vs. biomass, p = 0.654), (Bio vs. abundance p = 0.2614; vs.
biomass, p = 0.3392).

Figure 6. Relationship between earthworm abundance and biomass with soil particulate organic carbon
content (POC) in 2015, in the DICR treatments, and PA. (a) POC vs. abundance, (b) POC vs. biomass.
Shading areas are the confidence intervals of 95%. TY—typical rotation, HG—high intensification with
grass, HL—high intensification with legume, and PA—pasture.

4. Discussion

The inclusion of good agricultural practices (GAP) in no-till systems, was shown to be positive
on litter and soil fauna, however it was suggested that GAP as a management strategy, might be
improved by increasing and diversifying crop-rotation intensity [6]. Therefore, in this contribution we
studied the effect of three different levels of diversification and intensification of crop rotations under
NT. The typical rotation, that could be considered as a similar intensification level as GAP, and two
more intensified and diversified systems—high intensification with legumes and high intensification
with grass.

4.1. DICR Effects on Earthworm Communities

As expected, the unmanaged grasslands supported the most abundant earthworm community.
The abundance decline in the agricultural treatments was consistent with our hypothesis and with
previous studies, either in other parts of the world [48] or in the study region [20,25,27,49,50].
The conversion of natural soils to agricultural ones implies deep, unfavorable changes in environmental
conditions for earthworm communities [48,51]. In the Pampas region, the simplification of plant
diversity, the soil compaction, and the strong dependence on herbicides, insecticides, and fungicides,
are considered to be the main reasons of soil fauna reduction in agroecosystems [4].

As expected, the abundance of earthworms in the PA was significantly lower than in NG but
higher than in the agricultural treatments. Moreover, both, the PA and NG showed the highest
earthworm biomass. The positive effect of pastures on earthworms is likely related to the production
of stubble of high nutritive quality, dead roots, and the presence of a permanent vegetation layer
that protects earthworms from predation and extreme temperature fluctuations, which favors the
development of earthworm populations, in a similar way to natural systems, reaching similar or
even higher earthworm biomass [48,52,53]. Grass and legume consociate pastures (as implemented
here) improve soil properties through nitrogen fixation by legumes and soil aggregation by grass root
systems [54]. Furthermore, they offer a stubble that keeps quantity, quality, and continuity of food
supply for earthworms through time [55,56].

Regarding the main objective of our study, our results showed that a four-year period (2011–2015)
of intensification and diversification of crop rotations produced a clear positive effect on earthworm
abundance and biomass, especially when the high DICR level included legumes. Moreover, this
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positive effect of DICR was sustained over time, according to the results obtained in the second sampling
(2016). In the 2015 sampling, the rotation intensified with legumes (HL) showed a higher earthworm
abundance and biomass than the typical rotation (TY), in agreement with our expectations of a higher
positive effect of legume than grass rotation. A positive effect of legumes was previously observed
on earthworm abundance and biomass [24,57]. Earthworm number and biomass were negatively
correlated with the C/N ratio of the roots [57]; and, in short essays, larger weight gains in earthworms
fed with residues with low C/N ratios was observed compared to high C/N diet [58]. Legume cover
crops used in HL showed markedly lower C/N ratios (12 for pea [59] and 10 for vetch [60]) than
the grass species used in HG (barley and wheat with C/N ratios of 109 and 102, respectively [61]).
However, including data from the second sampling, the rotation with grasses promoted an earthworm
abundance similar to the HL, both being higher than in TY. The difference in the response timing
between HL and HG could be explained by the quality of the stubble provided, according to the time
necessary for its decomposition and for its nutrients to be available. Crop species of low C/N ratio as
legumes provide soil with residues of high nutritional quality and fast decomposition rate, being a
fast-food source for earthworms in the short-term, while the opposite was observed for high C/N ratio
residues, as grasses [62]. Thus, legume residues in HL provided a fast and better quality food resource
for earthworms, promoting a greater abundance and biomass in the first year of sampling, while in HG
due to the lower quality and slower decomposition rate of grass residues, the benefits on earthworm
populations were observed when the data from the second year of sampling were included. At the
same time, the TY rotation presented the lowest abundance and biomass values, demonstrating that
the absence of winter cover crops and a high input of chemical herbicides, are unfavorable conditions
for earthworm populations.

Regarding the external agricultural reference, in the 2015 sampling, it did not show statistical
differences with HL, neither in abundance nor in biomass, although both parameters showed a trend
to be higher in HL than in ER. The ER were fields external to the farm where the DICR treatments
were performed, therefore, other unknown factors, mainly a different land use and management
history, with respect to the field where the DICR assay was stablished, might have influenced this
result. Species composition was influenced by biogeographical and historical factors, and thus different
species react differently to management practices. Otherwise, this result highlights the importance of
the positive effect of HL with respect to TY rotation, since the performance of the different treatments
of the assay in the same field, guarantees that the observed differences were caused by the studied
crop rotation changes.

In accordance with our hypothesis and with previous findings [63,64], the NG was characterized
by an earthworm community different to the agricultural treatments, and also had the highest species
richness. Habitat disturbance and physical and chemical alterations due to the change in land use
differentially affect earthworm species, reducing the diversity of communities. It was suggested
that this occurs because disturbances mainly affect the native species that are more susceptible to
environmental change [63,65]. However, in our study the distinctive species composition in NG was
given mainly by exotic but not by native earthworm species. This could be because the natural sites we
sampled were small relicts that only partially conserve the characteristics from the original landscape
and are often exposed to some degree of anthropogenic impact.

The PA had a community different to the DICR treatments and a higher richness with regards
to them, similar to the NG. This was likely due to the favorable conditions that are generated in the
pasture, where a permanent cover layer offered food and protection to earthworms [48,52,53], which
favored a reconstitution of species number over time [48]. Although the species richness in the pasture
was high (r = 7), close to that of the NG (r = 10), the composition of the community was different.
As Decaens and Jimenez argued [48], when conditions provided by pastures were highly different
from those of the initial natural vegetation, the recovery of the original community would be difficult
to achieve. In this sense, the characteristics of consociate grass–legume pastures of 3 years sampled in
this study were quite far from those of natural sites. However, its benefits in preserving a relatively
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diverse community are remarkable, considering that the original plot was the same than that for other
DICR treatments.

Unlike what we hypothesized, there was no change in community composition between high
intensified DICR treatments and TY. The richness in the three DICR systems was low (2 or 3 species),
with a dominance of two exotic species—Aporrectodea caliginosa and Octolasion cyaneum. After four
years of starting the DICR experiment, the intensification and diversification of crop rotations promoted
earthworm abundance and biomass, but it did not change species composition. It is possible that, due to
the low movement rate of earthworms, in general less than 10 m per year, and the limited availability of
nearby natural patches that could act as species sources [64,66,67], four years are not enough to increase
the richness and to cause changes in species composition. This is especially true when considering that
all DICR treatments started from a single field with a homogeneous community. On the other hand,
the successful adaptation of the species from the exotic family Lumbricidae, as Aporrectodea caliginosa
and Octolasion cyaneum, in agricultural and cattle-raising fields in the region [68], might make it
more difficult for the recolonization of native species in the short-term, due to competitive exclusion
effects [64,69].

The ER had a community structure different to all other treatments, mainly characterized by
higher E. saltensis abundances than the other systems. As we have said, ER system had a different
location to the other treatments, and therefore its species composition result from different historical
and geographical processes. The difference in earthworm communities among ER and the other
systems, might also be related to the relative high abundances that we found, since different species
might have different susceptibility to specific management practices.

4.2. Earthworm Relationships with Soil Properties and Management Parameters

The DICR implies an increase in the number of crops in the rotation, in order to increase the level of
C input to the system and to improve the balance of C [29]. As expected, the regression models showed
a positive relationship between earthworm abundance and biomass with both, IRI and ILI indices, and
also with the CIn, showing that, for all analyzed samples, the DICR favored both earthworm abundance
and biomass. The PA was generally associated with the highest values of intensification indices and
CIn, and the highest values of abundance and biomass of earthworms. The already discussed benefits
of the pastures for earthworms are highlighted by the regression analysis. Even more, because in
this assay the PA was consociated with legumes and grasses, so in addition to providing a large
biomass of litter as food for earthworms, it was of high quality. As the intensification indices decreased
from the PA values, the abundance and biomass of earthworms also decreased. Regarding the three
intensification treatments, both highly intensified rotations were different from the typical rotation in
terms of IRI and both, earthworm abundance and biomass, followed that trend. In case of ILI, the clear
response of earthworm abundance and biomass to the index increase confirmed the importance of
legumes for earthworms, at least in the short-to-medium term, as in our study. Although the degree
of intensification and the theoretical contribution of carbon were similar between the two highest
intensified treatments, the rotation with legumes favored earthworms more than the rotation with
grasses. As we have pointed out, legumes provide nutritious and high-quality stubble, being a fast
food source for earthworms [55,62,70].

Among the soil parameters, the particulate organic carbon (POC) showed a positive relationship
with earthworm abundance and biomass. This result agreed with previous studies, which recognize
soil organic matter as a key factor for earthworm community development [25,71]. Moreover, the SOM
is especially important for endogeic species, which live and feed within the soil [19] and that are the
dominating species in the study region. There was no clear pattern relating the treatments with the
results of the regression, which indicates that the relationship of POC with earthworms is independent
of the treatments. There is a general link between the theoretical calculated C input with the POC
levels measured in the soil, except for the typical rotation.
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While the C input was higher in both highly intensified treatments than in the TY, this difference
was not reflected in the soil POC content. It was likely that this four-year period of DICR was not
enough to produce changes in SOM, even in a relatively rapid response parameter as POC.

5. Conclusions

In the present study, the diversification and intensification of crop rotations had a positive effect on
both the abundance and the biomass of earthworms, mainly in the rotation that was highly intensified
with legumes. We consider the magnitude of the effect to be compelling because of the short-term of
the DICR experiment (4 years), and fundamentally because the differences among DICR treatments
were relatively minor, compared to what is usually studied in agricultural systems (for example,
monoculture vs. rotation, no-tillage vs. plow tillage). The greater input of high-quality trophic
resources and the all-year growing roots, promotes the reproduction (more abundance) and growth
(biomass) of the earthworms. However, the community structure did not change. For such a change,
more time is needed, mainly because the earthworms have a limited migration capacity, moving slowly
from one plot to another. In addition, a change in species composition depends on the landscape
characteristics, such as the proximity of the cultivated plot to areas with greater species richness.

Overall, our results highlight the earthworm sensitivity to subtle changes in agricultural
management and their importance as indicators. Moreover, in this region, earthworms are key
drivers of C incorporation and the soil-structure maintenance processes [20]. This means that farmers’
decisions (in this case applying DICR) are able to favor earthworm populations, and therefore to
improve ecosystem services that are important for crop production. Then, we suggest that the
earthworms should be considered when making decisions about agricultural managements.
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Abstract: The purpose of the study was to compare earthworm communities under winter wheat in
different crop production systems on arable land—organic (ORG), integrated (INT), conventional
(CON), monoculture (MON)—and under perennial crops cultivated for energy purposes—willow
(WIL), Virginia mallow (VIR), and miscanthus (MIS). Earthworm abundance, biomass, and species
composition were assessed each spring and autumn in the years 2014–2016 using the method of soil
blocks. The mean species number of earthworms was ordered in the following way: ORG > VIR >
WIL > CON > INT >MIS >MON. Mean abundance of earthworms decreased in the following order:
ORG >WIL > CON > VIR > INT >MIS >MON. There were significantly more species under winter
wheat cultivated organically than under the integrated system (p = 0.045), miscanthus (p = 0.039),
and wheat monoculture (p = 0.002). Earthworm abundance was significantly higher in the organic
system compared to wheat monoculture (p = 0.001) and to miscanthus (p = 0.008). Among the tested
energy crops, Virginia mallow created the best habitat for species richness and biomass due to the high
amount of crop residues suitable for earthworms and was similar to the organic system. Differences
in the composition of earthworm species in the soil under the compared agricultural systems were
proven. Energy crops, except miscanthus, have been found to increase earthworm diversity, as they
are good crops for landscape diversification.

Keywords: soil biota; invertebrates; farming systems; bioenergy; biodiversity; wheat; ecosystem

1. Introduction

Earthworms constitute the largest component of animal biomass in the soil, and they are termed
“soil engineers” [1] or even “ecosystem engineers” [2]. The diversity and abundance of earthworms
are an important criterion of soil fertility [3]. Earthworms play a major role in the processes of
decomposition of plant and animal organic residues, soil humus formation, creation of a crumbly soil
structure, water regulation, pathogen and pest control, degradation of pollutants, as well as nitrogen
binding [2,4]. Earthworms provide many ecosystem services, such as maintenance of proper soil
structure, soil humus formation, nutrient cycling, erosion control, and biological crop protection [5].

Activity of earthworms and formation of burrows improve the aeration and water infiltration and
therefore reduce surface runoff [6]. There are many mineral and organic ingredients in earthworm
excrements that are beneficial for the growth and development of plants. These fractions are well
mixed in worm casts, and the nutrients are present in a readily available form [1,5]. Soil passing
through the digestive system of earthworms is enriched with beneficial microorganisms binding free
nitrogen and activating phosphorus, which become available to plants. Both excreta and secretions
(metabolic water and mucus) of earthworms contain plant growth stimulators (auxin, gibberellin,
and cytokine), affecting the quality and quantity of the crop yield [7]. By pulling fallen leaves into
the soil, foliar pathogens and pests are biologically degraded. Earthworms distribute insect-killing
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nematodes (Steinernema sp.) and fungi (Beauveria bassiana) in the soil, thus contributing to better natural
regulation of soil-borne pests. Earthworms ingest organic residues of different C:N ratios, convert
them to a lower C:N ratio, and finally contribute to carbon sequestration [5]. A rich earthworm fauna is
a key in maintaining and safeguarding soil health and in fostering many essential ecosystem functions
of soil.

Agricultural practices, such as tillage, crop rotation, cultivation of catch crops (defined here
as additional fast-growing crops grown between successive plantings of main crops), the use of
mineral fertilizers, and pesticides all have significant impacts on wild flora and fauna, including soil
organisms [8–10]. The sensitivity of earthworms to unfavourable changes in agrocenosis makes them
a good indicator of the ecological footprint of agricultural systems [11]. According to Pfiffner [5],
the following measures are prerequisites for the flourishing of earthworms in agricultural soils:
provision of sufficient food, abstinence from the use of pesticides harmful to earthworms, application
of soil-conservation methods such as reduced tillage and no-till, avoidance of soil compaction
and promotion of well-structured and aerated soils, appropriate fertilization, and balanced humus
management within the crop rotation. Different farming systems can support or reduce biodiversity
and soil settlement by earthworms. High-input conventional agriculture reduces the biodiversity of
earthworms, whereas conservation and organic agriculture benefit this group of organisms [12–14].

Cultivation of perennial crops for energy purposes is still a new agricultural system so little
scientific evidence appears to be available on the effects of these types of crops on the environment,
including on earthworm populations [15,16]. The positive effect of energy crops on biodiversity is
connected with the lower agrochemical input as compared to the intensive production used in annual
crops [15,17–19]. Due to the unknown impact of many plant species used for energy purposes on the
environment and biodiversity, there should be wide-ranging and long-term ecological monitoring
conducted for these crops [19,20]. According to Verdade et al. [21], biodiversity monitoring programs
are needed to help the decision-making process concerning the conflict between the expansion of energy
crops and the conservation of biodiversity. These programs should take into account comparisons
with neighbouring agricultural crops [22,23]. Such a comparison has been done in this current study.

Our hypothesis was that the cultivation of certain species of perennial energy crops stimulate
earthworm diversity and abundance more than farming systems on arable land.

On this basis, the aim of the present research was to compare the impact of various agricultural
systems on arable land (organic, integrated, conventional, and winter wheat monoculture) and
the impact of cultivation of perennial energy crops (miscanthus, Virginia mallow, and willow) on
earthworm diversity, abundance, and biomass under the conditions pertaining in Eastern Poland
(Central Europe).

2. Materials and Methods

2.1. Site Description and Experimental Design

The assessment of earthworms was carried out as part of a long-term field experiment (1994–until
now) with four crop production systems: organic (ORG), integrated (INT), conventional (CON),
and monoculture-conventional (MON) (Table 1). Experimental plantations of perennial energy crops
(2008–until now)—miscanthus (Miscanthus sp.) (MIS), Virginia mallow (Sida hermaphrodita) (VIR), and
willow (Salix viminalis) (WIL)—have been established 70–100 m away from the crop production systems
on the arable land described above. The experimental sites are located at the Agricultural Research
Station of the Institute of Soil Science and Plant Cultivation—State Research Institute (IUNG-PIB)
in Osiny (Poland, Lublin voivodeship, N: 51◦28′, E: 22◦30′) on Haplic Luvisol soil [24] with a texture
of loamy sand. The chemical properties of the soil in the different farming systems are presented
in Table 2. Average annual total precipitation of the experimental site was 586 mm with a mean air
temperature of 7.5 ◦C (data for the years 1950–2013).
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Table 1. Crop management in winter wheat in different farming systems and three perennial energy
crops (2014–2016).

Items

Crop Production Systems on Arable Land
Energy Crops

Organic (ORG) Integrated (INT)
Conventional

(CON)
Monoculture

(MON)

Crops

potato
spring wheat +

undersown crop
clovers and grasses (1st

year)
clovers and grasses (2nd

year)
winter wheat + catch crop

(mustard)

potato
spring wheat + catch crop

faba bean
winter wheat + catch crop

(mustard)

winter rape
winter wheat
spring wheat

winter wheat

miscanthus
(MIS),

Virginia
mallow (VIR),
willow (WIL)

Soil tillage mouldboard ploughing 0

Organic fertilization compost (30 t·ha−1) under
potato + catch crop

compost (30 t·ha−1) under
potato + 2 × catch crop

rape straw,
winter wheat

straw

wheat straw
(every 2 years) 0

Mineral fertilization
(kg ha−1): natural P and K fertilizers:

N 0 85 140 80
P2O5 42 55 60 60
K2O 75 75 80 80

Retardants 0 1–2 x 2 x 0

Fungicides 0 2 x 2–3 x 0

Weed control weeder harrow 2–3 x weeder harrow 1 x
herbicides 1–2 x herbicides 2–3 x 0

Table 2. Soil chemical properties of the 0–30 cm layer of Luvisol.

Cropping System pHKCl Corg (g kg−1 of Soil)
PEgner KEgner Mg

(mg kg−1 of Soil)

ORG 1 5.65 9.9 40.3 64.0 69.3
CON 5.90 8.1 84.8 164.0 50.1
INT 5.75 8.1 85.4 134.1 41.9

MON 5.08 7.7 52.3 111.7 46.5
MIS 4.00 5.7 97.2 57.5 30.3
VIR 4.60 5.8 82.4 136.1 51.0
WIL 4.20 6.6 77.2 104.3 62.0

1 ORG—organic; INT—integrated; CON—conventional; MON—monoculture; MIS—miscanthus; VIR—Virginia
mallow; WIL—willow.

The tested farming systems on arable land were characterised by different crop rotations and
agricultural management (Table 1). In the organic system, no synthetic pesticides and natural
phosphorus (P) and potassium (K) fertilizers such as crude potassium salt or kainite as well as compost,
applied once in a crop rotation, under potato (30 t ha−1) were applied. High-input conventional
systems included two variants: (1) 3-field crop rotation: winter oilseed rape, winter wheat, and spring
wheat and (2) winter wheat monoculture. In both objects, crops were cultivated intensively, i.e., with
high rates of synthetic mineral fertilizers and pesticides (Table 1). In the integrated system balanced
mineral and organic fertilization (about 20–30% lower than in conventional system), adaptation to the
crop requirements and soil fertility were used. Soil tillage was similar in all crop production systems;
in general, it was a traditional plough system. Before sowing of winter crops, a four-furrow reversible
plough was used at depths of 15–20 cm. Before sowing of spring crops, winter ploughing was carried
out at a depth of minimum 20 cm. After late crops such as maize or potato or after cultivation of a catch
crop, winter ploughing was done usually in the second half of November. For other crops harvested in
July/August, winter ploughing was performed at the end of September. Before sowing, a compact
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seedbed cultivator was usually used. Number and time of ploughing treatments in particular systems
depended on the crop rotation structure.

Crop protection consisted of nonchemical (mechanical) measures, and only a limited number
of herbicides and other plant protection products were applied based on harmfulness thresholds.
Most herbicides used were applied on crops, and only a few based on glyphosate were sprayed on
stubble and incorporated into soil.

The analyses were carried out in the soil under winter wheat cv. Jantarka, which grew in all of
these crop production systems. The area of each field was 1 ha so it was possible to manage them
using real agricultural practices. In energy crops, no chemical crop protection measures have been
performed during the study period. The area of the energy crop fields was from 200 m2 (miscanthus
and Virginia mallow) to 500 m2 (willow).

2.2. Earthworm Collection

Earthworms were collected in the years 2014–2016, according to the method of soil blocks [25].
Samples were taken twice in each season: in spring (April) and in autumn (October), when soil
temperature and moisture are usually suitable for earthworm activity. Soil blocks 25 cm × 25 cm ×
25 cm (0.0625 m2 of arable soil layer) were dug out of each field in 5 replications. The blocks were
separated by at least 5 m from each other and 5 m away from the field margin to avoid the edge
effect. Soil blocks were placed on a sheet on which the earthworms were caught and kept in collecting
containers. The earthworms were transported in cool boxes to the laboratory, where they were washed,
weighed, and preserved in 4% formalin for further investigations. In later terms, earthworms were
classified into species according to an identification guide [26]. The species was recognized on the basis
of morphological features. The structure of the mouth, distribution of bristles, number of segments,
structure and location of the reproductive organs, and the location of secretory holes were thoroughly
analyzed. Due to longer storage in the formalin solution, the colour of individuals was not taken into
account. Both mature and young forms were considered, but only adult individuals were defined
to the species [5]. Earthworm species richness, their abundance, and biomass (fresh weight) were
taken into account as biodiversity indicators. Earthworm density and biomass were calculated per
1 m2. For each investigated agricultural system, the results from all terms of collection were presented
(3 years × 2 terms × 5 replications = 30 samples for each studied field).

2.3. Statistical Analyses

Because this trial was without replication, we chose to consider each sample point as a replicate,
though this approach could have induced some bias because of pseudoreplications. We are, however,
quite confident that, for several reasons, our sampling design allowed us to use this approach: (i) sample
points within a field were far enough away from each other (20 m) to ensure replicate independence,
and (ii) the possibility that the sample fields were affected by confounding factors due to limited
randomization cannot be excluded but was limited as the trial was evenly affected by the same
management before the trial setup, topographic and pedologic gradients were controlled, and a
preliminary assessment of the trial spatial heterogeneity was found to be very low within the block soil
heterogeneity. This methodological approach has been used earlier by Henneron et al. [14]. There are
examples of field trials that are not replicated, for example, one of the oldest long-term experiments
established in 1843 Rothamsted (UK) [27], but, with the help of specific statistical methods, permits
reliable comparisons. Lack of replications is due to different reasons, but usually, it is caused by
physical constraints such as land availability or plot size. Sometimes financial or social limitations are
also important [28].

In order to check the normality of the distributions, the Shapiro–Wilk test was used. The obtained
data sets were characterized by a non-normal distribution; therefore, the nonparametric Kruskal–Wallis
rank test was used to assess the significance of differences in the examined features at the significance
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level p ≤ 0.05. Statistical analyses were performed using Statistica 10 software (Stat. Soft. Inc., Tulsa,
OK, USA).

In order to group the earthworm communities, a cumulative hierarchical classification was done
using MVSP 3.1. software, Kovach Computing Services, Anglesey, Wales [29]. The quantitative
Sorensen’s similarity index (Percent Similarity) was used to classify similarities between earthworms
under different farming systems and types of energy crops [30].

In order to classify the samples based on earthworm species composition and species based
on their participation in the samples, ordination techniques were used [31]. As first, Detrended
Correspondence Analysis (DCA) was applied, which is recommended for the preliminary ordering of
data [31,32]. The length of variance gradient calculated in this analysis characterizes the data structure
and constitutes the criterion for selecting further ordination methods to assess the significance of the
tested environmental or agrotechnical factors. Due to the fact that the length of the first axis gradient
in DCA analysis was lower than 2 standard deviations, which showed that the distribution of species
was not compatible with the Gaussian curve, linear method Principal Component Analysis (PCA) was
used to perform direct ordination [33]. The results of this ordination were presented graphically on
diagram (PCA diplot). The analyses were performed in the Canoco 4.5 program [32].

3. Results

3.1. Species Richness and Abundance

A total of 11 species of earthworms were recorded in the compared agricultural systems (Table 3).
The largest number of species occurred in the willow (10 species), and the lowest number was in the
high-input crop production systems: wheat monoculture and the conventional system (7 species).
In the organic system, there were many juvenile unspecified individuals (Lumbricidae sp.). It should
be noted that Allobophora chlorotica was found only in crop production systems on arable land and that
Proctodrilus antipai was only found under perennial energy plants.

Table 3. Earthworm species and abundance of individuals (indv. m−2) in soil under winter wheat
cultivated in different crop production systems and in perennial energy crops (2014–2016).

No Species
Crop Production Systems on Arable Land Perennial Energy Crops

ORG 1 INT CON MON MIS VIR WIL

1. Aporrectodea caliginosa 13.9 21.9 16.5 21.3 9.6 10.1 9.1

2. Allolobophora chlorotica 0 0.5 0 0 0 0 0

3. Aporrectodea georgii 0 3.2 1.1 0 0 0 0.5

4. Aporrectodea longa 1.6 0 0 0.5 2.7 0.5 1.1

5. Aporrectodea rosea 5.3 4.8 2.7 2.1 8.5 3.7 9.6

6. Proctodrilus antipai 0 0 0 0 1.6 5.9 4.8

7. Lumbricus rubellus 1.1 0.5 0 0 0 2.7 1.1

8. Lumbricus terrestris 15.5 2.1 7.5 1.6 2.7 13.3 10.7

9. Lumbricidae sp. 24.0 15.5 15.5 3.2 6.9 16.5 33.6

10. Octolasion cyaneum 4.3 2.1 10.7 1.1 3.2 1.6 0.5

11. Octolasion lacteum 22.9 5.9 10.7 4.8 7.5 9.1 3.2

Total species number 8 9 7 7 8 9 10

Abundance (indv. m−2)
(mean ± SE)

88.6 ± 10
b 2

56.5 ± 9
ab

64.7 ± 10
ab

34.6 ± 6
a

42.7 ± 7
a

63.4 ± 9
ab

74.2 ± 18
b

1 ORG—organic; INT—integrated; CON—conventional; MON—monoculture; MIS—miscanthus; VIR—Virginia
mallow; WIL—willow. 2 Different letters indicate significant differences between treatments according to the
Kruskal–Wallis test at p ≤ 0.05 (n = 30).
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In crop production systems on arable land, the largest number of earthworm individuals
(88.6 indv. m−2) was recorded in the soil under winter wheat cultivated in organic system (Table 3).
Over twice less individuals (35 indv. m−2) were found in monoculture of winter wheat. Earthworms
density decreased in the order of ORG > CON > INT >MON. Among compared energy crops, willow
had the largest earthworm abundance (74 indv. m−2, only 16% less than in the organic system) while
the smallest was found in miscanthus field (43 indv. m−2, 23% more than in wheat monoculture).

Total earthworm abundance was significantly higher in the organic system as compared to winter
wheat monoculture (p = 0.001; z = 3.85) and to miscanthus (p = 0.008; z = 3.65) (Table 3). There were no
significant differences between the organic system and willow in earthworm density.

Earthworm species number per sample was higher under winter wheat cultivated organically
than under monoculture (p = 0.002; z = 2.68), than the integrated system (p = 0.045; z = 3.64), and than
under miscanthus (p = 0.039; z = 3.24) (Figure 1). Earthworm diversity in the organic system and in
Virginia mallow did not differ significantly. Among the tested energy crops, differences in the species
richness were found between miscanthus and Virginia mallow (p = 0.032; z = 2.55).

Figure 1. Average earthworm species number per sample (0.0625 m2) in winter wheat cultivated
in four crop production systems on arable land and perennial energy crops (average for 2014–2016,
mean ± SE, n = 30). ORG—organic; INT—integrated; CON—conventional; MON—monoculture;
MIS—miscanthus; VIR—Virginia mallow; WIL—willow. 1 Different letters indicate significant
differences between treatments according to the Kruskal–Wallis test at p ≤ 0.05.

The biomass of earthworms was 3 times larger in the organic system in comparison with the
wheat monoculture, miscanthus, and willow systems (Figure 2). There were no significant differences
between the organic, conventional, and integrated systems, which could be the result of using compost
and catch crops twice in the integrated system and of using straw ploughing in the conventional
system (Table 1).
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Figure 2. Earthworm biomass (fresh weight g m−2) in winter wheat cultivated in four crop production
systems on arable land and perennial energy crops (average for 2014–2016, mean ± SE, n = 30).
ORG—organic; INT—integrated; CON—conventional; MON—monoculture; MIS—miscanthus;
VIR—Virginia mallow; WIL—willow. 1 Different letters indicate significant differences between
treatments within arable systems and energy crops according to the Kruskal–Wallis test at p ≤ 0.05.

3.2. The Relationships between Agricultural Systems and Species Composition

In the organic system, the indeterminate individuals (Lumbricidae sp.), mainly juvenile (27%) and
O. lacteum (26%), constituted the most numerous groups (Figure 3). The highest density of L. terrestris
was found in the organic system and Virginia mallow. The earthworm communities in the integrated
system and the wheat monoculture system were dominated by A. caliginosa (39% and 60% share,
respectively). The highest share of A. rosea were observed in earthworm communities under miscanthus
and willow. In the soil under willow and Virginia mallow, earthworms unspecified for species, mainly
epigeic juveniles of low biomass, dominated. In the miscanthus cultivation, A. caliginosa and A. rosea
were the most numerous.

In order to confirm the relationship between land use and the abundance of earthworm species,
the ordination method PCA (Principal Component Analysis) was used (Figure 4).

Along the gradients of the axes of particular crop production systems, species most closely
associated with a given type of farming and energy crop were grouped together (Figure 4). O. lacteum
was most closely connected with crops cultivated organically. L. terrestris, A. longa, L. rubellus, and
unidentified Lumbricidae sp. were located close to the gradients of the axes of the organic system
and Virginia mallow, which indicates that they were characteristic for both crop production systems.
P. antipai and A. rosea were strongly positively correlated with willow. Species on the left-hand side of
the diagram in Figure 4—A. caliginosa, O. cyaneum, A. chlorotica, and A. georgii—were associated with
more intensive farming systems (CON, MON, and INT) and miscanthus.

Gradients of the systems and the species distribution in Figure 4 showed similarity of the
earthworm communities for the organic system and Virginia mallow (right, upper site of the diagram)
and dissimilarities from other, more intensive crop production systems (INT and MON) as well as
miscanthus (left, down site of the diagram). Along the gradient of axis I, the highest positive correlation
between the tested systems and the location of species occurred for willo and negative occurred for
wheat monoculture. The most positively correlated with the gradient of axis 2 was the organic system
while that negatively correlated was willow (Table A1, Figure 4).
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Figure 3. Relative abundance of earthworms species in communities in different agricultural
production systems. ORG—organic; INT—integrated; CON—conventional; MON—monoculture;
MIS—miscanthus; VIR—Virginia mallow; WIL—willow.

Figure 4. Ordination diagram of agricultural systems and earthworm species abundance in relation to
the first and second axes of PCA (PCA biplot). ORG—organic; INT—integrated; CON—conventional;
MON—monoculture; MIS—miscanthus; VIR—Virginia mallow; WIL—willow.

The hierarchical classification confirmed the similarity of the earthworm communities in the
organic and Virginia mallow systems and their dissimilarity from integrated system, wheat monoculture,
and miscanthus (Figure 5). In these analyses, the dissimilarity of earthworm communities under
miscanthus from the other two energy crops and their similarity to wheat monoculture and the
integrated system have been shown.
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Figure 5. The results of the hierarchical cumulative classification using the unweighted pair
group method with arithmetic mean (UPGMA) of samples representing earthworm abundance
in different types of land use using the quantitative Sorensen’s coefficient of similarity. ORG—organic;
INT—integrated; CON—conventional; MON—monoculture; MIS—miscanthus; VIR—Virginia
mallow; WIL—willow.

4. Discussion

4.1. Species Richness and Abundance of Earthworms

In tested farming systems, on arable land, and among energy crops, 11 species of earthworms
were recorded. Neirynck et al. [34] and Pfiffner [5] have shown that, generally, in cropland, only from 1
to 11 species are commonly found from among the about 40 earthworm species occurring in Central
Europe. Most of them are species with a wide range and large adaptation abilities. The most common
species in Poland are Dendrobaena octaedra (Sav.), Lumbricus terrestris L., L. rubellus Hoffm., Aporrectodea
caliginosa (Sav.), Aporrectodea rosea (Sav.), and Eiseniella tetraedra (Sav.) [26].

The relative abundance of earthworms depends upon soil type, topography, and vegetation,
and it is influenced by land use [1,34]. According to Lavelle [35], in terrestrial ecosystems, density of
earthworms may reach 106 ha −1 and their biomass may reach 2 t ha −1. They are present everywhere
except in arid and frozen regions. In Central Europe, about 120–140 earthworms per 1 m2 of arable
soil are considered satisfactory in terms of soil fertility [5]. In our own research, a smaller number of
earthworms were recorded, i.e., between 88 indv. m−2 in the organic system up to 35 indv. m−2 in
monoculture. The lower earthworm abundance could be the result of being sandier, having higher
acidity, and having low humus content of the investigated soils compared to the other European
countries, which are not favourable to earthworms [5]. Very low earthworm abundance on sandy soils
was also observed on conventional arable dairy farm situated in Peer in the sands of the Campine
region (Belgium) [36].

Almost all of the earthworm species found are typical of the region and land use [26]. A. caliginosa
was most abundant in arable systems. It is a species found in a wide range of environments. It is
highly tolerant of habitat quality, including acidification and low levels of organic matter. The species
tolerates intensive tillage to some extent, making it the most common species on arable land. Other
highly represented species, L. terrestris, O. lacteum, O. cyaneum, A. longa, A. rosea, and L. rubellus, have
slightly higher habitat requirements and are typical rather for meadows and pastures habitats than for
arable land [35]. The species with the highest tolerance for low pH is A. chlorotica, which was found
to have one individual in a cereal monoculture. Among the rare species, A. georgii was found. This
species was previously found in the neighbouring region of the Mazovian voivodeship [26]. A rare,
South European species of the earthworm, P. antipai, is usually found on heavy soils in the Vistula river
valley, whereas in the studies, it was found in poor light soil. Heavy hydrogenic soils also lie in the
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farm serving the experiments, which suggests that both species could be transferred with the soil on
agricultural equipment.

4.2. The Effect of Crop Rotation and Catch Crops

The number of earthworms depends on the availability and quality of organic matter in the
soil [6,26]. On the arable land, manure and compost as well as the protein-rich residues of legumes
(Fabaceae) are particularly preferred by earthworms. A diversified crop rotation with long-lasting and
deep-rooted catch crops rich in clover or green manure crops as well as diversified crop residues are
essential to maintain or increase earthworm populations [5]. This was confirmed by our own results
showing that earthworm species richness and density were significantly higher in the organic system
than in other systems (by 126% higher mean number of species and by 156% more individuals than
in wheat monoculture). The higher species number and abundance of earthworms in the organic
system could be the effect of the diversified crop rotation with clover and grasses mixture as well as
of the compost and catch crop used, which provided food for earthworms. In a study by Schmidt
et al. [37], a wheat-clover cropping system supported earthworm communities that were twice as large
and had between one and five times more earthworm species than that found under conventional
wheat mono-cropping. The above authors recorded between one and five more earthworm species in
the wheat-clover system than in the pure wheat system.

Increased earthworm density was also observed as a result of mulching of crop residues on the
field surface, especially during winter [5,38]. Post-harvest residues are an important source of organic
matter, and they also affect the microclimatic properties of the soil. In mulched soil, there are more
earthworms feeding close to the soil surface. In addition, such soil is more resistant to freezing than
the soil without plant cover, which has an impact on the mortality of earthworms during winter, late
autumn, and spring [12]. In our study, larger number and biomass of earthworms in the conventional
system than in the integrated system could have been caused by a large biomass of post-harvest
residues from the incorporation of wheat and rape straw.

The content and type of humus in soil are some of the most important factors determining
the species composition of earthworms. L. terrestris has a tendency to occur in soil rich in organic
carbon [39]. In our own research, L. terrestris was the most frequent in wheat in the organic system
and Virginia mallow, where the content of organic matter was the highest. According to Schmidt
et al. [37], wheat-clover cropping especially favoured species belonging to the epigeic and epigeic/anecic
ecological groups such as L. rubellus and juvenile Lumbricus and was also observed in our own study,
whereas A. caliginiosa may occur even in soils poor in carbon [39]. In the presented study, A. caliginosa
was the most numerous in the intensive systems on arable land: integrated, wheat monoculture,
conventional, as well as willow. A higher share of species typical for meadows and pastures such
as L. terrestris, O. lacteum, O. cyaneum, and A. longa in the organic system is the result of 1.5 years of
clover and grass cultivation preceding winter wheat in rotation. During this period, species building
permanent vertical tunnels are not disturbed by soil tillage and receive some fresh plant residues on
the soil surface, which promote development of such earthworm communities [35].

4.3. The Influence of Different Farming Systems

The effect of farming systems on earthworm species richness is a result of different agricultural
practices, such as of crop rotation, crop protection, and fertilization.

Application of pesticides in conventional crop production systems can decrease density and
biomass of earthworm population [12]. Pesticides may disrupt enzymatic processes, increase individual
mortality, decrease fecundity and growth, or even change individual behavior such as feeding rate [5].
Anectic earthworms such as L. terrestris are most susceptible to surface application of pesticides,
which, in our research, corresponds with a higher density of this species in the organic system in
comparison with other agricultural systems where pesticides were used. Since L. terrestris forms
permanent burrows, it does not come into contact with subsurface soil in its burrows. However,
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this species collects plant residues and pulls it into its tunnels, which is why it is directly exposed to
the use of pesticides. On the contrary, endogenic species such as A. caliginosa, which continuously
extend their burrows as they feed in the subsurface soil, are the most susceptible when toxic pesticides
are incorporated into the soil [5]. According to Irmler’s research [12], the change from conventional
to organic management has positively influenced species that form deep tunnels such as L. terrestris.
The conversion from conventional to organic did not significantly affect the species penetrating shallow,
horizontal tunnels, such as A. caliginiosa and A. rosea.

Herbicides probably do not damage earthworms directly, but they can reduce earthworm
populations by decreasing availability of organic matter coming from weeds on the soil surface [40].
According to some authors, soil fauna is more threatened by the use of insecticides than herbicides.
Active substances, such as carbofuran, forat, and terbufos, used to control soil-dwelling pests are also
extremely toxic to earthworms [41].

Some synthetic mineral fertilizers, especially ammonium sulfate, can be harmful to earthworm
populations, probably due to an acidifying affect [5]. On the contrary, the use of manure increases
both the number and biomass of earthworms in arable land [42]. This was confirmed by our own
study where the earthworm density was significantly the highest in the organic system. Similarly,
Pfiffner’s and Mader’s [43] studies showed that, in conventional fields, where mineral fertilization
and integrated plant protection were applied, the number and biomass of earthworms was about 40%
lower compared to the fields where mineral-organic fertilization and integrated plant protection was
applied. However, in the organic system, the number of earthworms was additionally 80% higher
and the biomass was 40% higher in comparison to the object with mineral-organic fertilization and
integrated plant protection. Moreover, the quality and quantity of manure could be important factors
affecting the earthworm population due to salinity stress [44]. In our study, earthworm abundance
under the organic system was higher than under the integrated, conventional, and wheat monoculture
systems by 56%, 36%, and 156%, respectively. Similarly, Pfiffner and Luka [45] found about a 50%
higher abundance of earthworms in an organic system as compared to integrated ones. Comparisons
between organic and conventional systems have shown from an 80% [43] to a 400% higher earthworm
density in the organic system [14]. In our research, the biomass of earthworms was 3 times larger in soil
under the organic system than in the wheat monoculture, miscanthus, and willow. Similarly, Henneron
et al. [14] found a 3 times larger biomass of earthworms in an organic system in comparison with
high-input conventional system. In the study by Pfiffner and Mäder [43], the difference in earthworm
biomass between organic and conventional systems with mineral fertilization and Integrated Pest
Management (IPM) was about 75% and only 35% when the conventional system with mixed mineral
and organic fertilization and IPM was compared. Stopping the use of synthetic fertilizers and pesticides
are important factors that stimulate the population size and condition of earthworms in the organic
system [5,14,26]. In more intensive systems, simplified crop rotation and high input of synthetic
fertilizers and pesticides negatively affected the earthworm populations [12].

4.4. The Influence of Perennial Energy Crops

The influence of perennial energy crops on fauna diversity depends on cultivated species and
agricultural practices [23,46]. Our study showed that mean earthworm species number, density,
and biomass in energy crops were intermediate between wheat in organic system and high-input,
intensive wheat monoculture and were dependent on the type of energy crop. Among tested energy
crops, Virginia mallow created the best habitat in terms of species richness and biomass due to high
amount of crop residues suitable for earthworms. The small amount of plant residues in miscanthus
resulted in low earthworm indicators and high similarity to intensive crop production systems.
In Felten and Emmerling’s [16] research, the number of earthworm species under miscanthus was
placed between intensively cultivated crops (rapeseed, cereals, and maize) and grassland/fallow.
In comparison to annual cropping systems, miscanthus plantation enhanced higher densities and
diversity of soil invertebrates but not of ground-dwelling invertebrates [47]. In miscanthus stand,
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earthworm diversity and abundance were improved in arable soils although biomass may be reduced
through poorer food quality [48]. Miscanthus leaf litter does not provide a particularly useful food
resource due to its low-nitrogen, high-carbon nature [49], and earthworms feeding on this kind of
low-nitrogen material have been found in other studies to lose overall mass [50]. In contrast, though,
the extensive litter cover at ground level under miscanthus compared to the bare soil under annual
cereals was suggested to be a potentially significant advantage for earthworms in soil surface moisture
retention and protection from predation [48].

Another study confirmed that miscanthus created a poorer habitat for fauna than did willow [51].
In our own research, earthworm density was the highest in the soil under willow. Studies conducted
in Great Britain and Sweden confirmed the positive impact of willow on the diversity of invertebrates
in comparison with crops cultivated in intensive conventional systems on arable land [19,52].

According to Hedde et al. [53], the change in land use from typical annual crops to perennial
energy plants resulted in an increase in the density of invertebrates in the soil, which may be caused
by a smaller amount of synthetic fertilizers and chemical plant protection chemicals used, with no
significant changes in richness and species composition of tested invertebrates. In our study, earthworm
indicators were dependent on the type of energy crop which correspond with our working hypothesis.
In the cultivation of energy crops, more earthworms depended on the presence of mulch. L. rubellus as
well as species that burrow deep tunnels, L. terrestris, A. longa, and O. lacteum, were present, which was
also a consequence of the lack of tillage. The composition of earthworm species found in energy plants
resembled that found in orchards [35].

Further research should be warranted to design and assess innovative cropping systems including
the range of candidate bioenergy crops, possibly grown in alternative lands, and also in the face of
future climate changes [54].

5. Conclusions

It can be concluded that the organic crop production system with a diversified crop rotation
including grass-clover mixtures, catch crops, and manure application in the conditions of Eastern
Poland (Central Europe) supported the largest diversity and abundance of earthworms in comparison
to the high-input cereal monoculture and integrated systems. The organic system favoured the
population of L. terrestris and juvenile Lumbricidae. The intensification of agricultural production by
simplified crop rotation and the input of synthetic fertilizers and chemical plant protection products
caused a decrease in the number of species and abundance of earthworms. A. caliginiosa dominated in
the earthworm community in the monoculture of wheat. On plantations of energy crops, the earthworm
population indices were located between the organic system and the high-input, intensive wheat
monoculture. The effect of energy crop cultivation on earthworm abundance and ecosystem services
which are provided depends on the respective crop species. Among the compared energy crops,
Virginia mallow created the best habitat for earthworms. In miscanthus, earthworm community was
the poorest and the most similar to wheat monoculture. The composition of earthworm species found
in energy plants resembled that found in orchards. Proper management of energy crops can support
biodiversity and ecosystem services supplied by earthworms, such as humus production..
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Appendix A

Table A1. Inter set correlations of agricultural systems variables with Principal Component Analysis
(PCA) axes in study of earthworms communities.

Variables Axis I Axis II Axis III Axis IV

ORG 1 0.4171 0.7252 −0.0595 0.0732
INT −0.2282 −0.1979 −0.6013 0.0376

CON −0.0664 0.3486 −0.2498 −0.5203
MON −0.6226 −0.0908 −0.1363 0.4262
MIS −0.3108 −0.1575 0.6736 −0.5513
VIR 0.1573 0.0399 0.5006 0.6283
WIL 0.6536 −0.6674 −0.1273 −0.0937

1 ORG—organic; INT—integrated; CON—conventional; MON—monoculture, MIS—miscanthus, VIR—virginia
mallow, WIL—willow.
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Abstract: Earthworm species composition, the density of individuals, and their biomass were
investigated in spring barley and faba bean fields in a long-term (52-year) experiment conducted at
the Production and Experimental Station in Bałcyny, in north-eastern Poland (53◦40′ N; 19◦50′ E).
Additionally, post-harvest residues biomass, soil organic matter (SOM), and soil pH were recorded.
The above traits were investigated using two experimental factors: I. cropping system—continuous
cropping (CC) vs. crop rotation (CR) and II. pesticide plant protection: herbicide + fungicide (HF+) vs.
no plant protection (HF−). A total of three species of Lumbricidae were found: Aporrectodea caliginosa
(Sav.) in both crops, Aporrectodea rosea (Sav.) in spring barley, and Lumbricus terrestris (L.) in faba
bean. The density and biomass of earthworms were unaffected by experimental treatments in spring
barley fields, whereas in faba bean CC increased and HF+ decreased earthworm density and biomass
in comparison with CR and HF− respectively. Total post-harvest residues in faba bean fields were
higher under CC in relation to CR and under HF+ compared with HF− treatment in both crops.
Compared to CR, CC increased soil pH in spring barley fields and decreased in faba bean fields.
Experimental factors did not affect SOM. Earthworm density and biomass were positively correlated
with SOM content.

Keywords: soil organic matter; soil pH; post-harvest residues; crop rotation; Hordeum vulgare L.;
Vicia faba L. ssp. minor

1. Introduction

Earthworms are strategic invertebrates in agroecosystems. The drillosphere, composed of
horizontal and vertical burrows and casts created by earthworms, significantly affects soil structure
and enhances gas exchange, water infiltration, and root penetration across the soil profile [1–4].
Earthworms improve the content of soil organic matter, contribute to humus formation processes
and form a mull soil by burrowing large quantities of surface organic matter to belowground and
relocating soil from depths to the top by casting. These invertebrates have an impact on the structure,
concentration, and activity of soil microbial communities involved in organic matter decomposition
and mineralization [5,6]. Earthworms casts are characterized by higher pH, C, Ca2+, Mg2+, and K+

contents than surrounding soil aggregates and incorporate nutrients available for plants [7,8]. The N
mineral availability increases with earthworm abundance [9,10]. Earthworms, through their interaction
with microorganisms, are essential factors influencing soil organic carbon and its dynamics [10,11].
In the presence of earthworms, greater production of plant growth regulators was observed [12,13].
The non-negligible role of earthworms on improving plant tolerance to parasitic nematodes and a
reduction in the severity of take-all disease was also reported [14–16]. The above-mentioned benefits
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of earthworm activity contribute to plant growth and production as seen by aboveground biomass and
crop yield increases [17–19].

Density, diversity, structure, and activity of earthworm populations in agroecosystems are
dependent on agricultural management [20]. Intensification of agricultural practices based on multiple
tillage treatments, simple crop sequence, minor organic fertilization, and chemical methods of plant
protection have a negative effect on earthworm populations. Long-term, intensive, and deep tillage can
decline earthworm (mainly anecic) abundance [21–24] whereas shallow plowing with residue mixing
and conservation cultivation techniques can increase their number [25–27]. Organic fertilizers such
as manure, crop residues, and mulch are the source of food supply for soil biota and have a positive
impact on their populations [28,29]. The conclusion from the literature on the effect of pesticides on
earthworm populations is still ambiguous. The effect of pesticides on soil organisms is closely related
to their active substances and doses. Some of them, especially fungicides and insecticides, are toxic or
lethal to earthworms and cause a decrease in cocoon production and density of juveniles, a delay in
growth and a mortality increase [3,30–32]. Herbicides were also found to have an adverse impact on
earthworms by causing histological changes in their body tissues and increasing mortality [33–37].
However, earthworms can develop adaptation mechanisms against the toxic effect of pesticides [38,39].

The importance of earthworms in agroecosystems is well-recognized, but the long-term effects
of continuous cropping and pesticide use on earthworm populations are much less documented.
The objective of this study was to examine the impact of the above-mentioned factors on species
composition, density, and biomass of earthworms, post-harvest residue biomass, soil organic matter,
and soil pH. The alternative hypothesis assumed that long-term continuous cropping and chemical
plant protection have an impact on earthworm communities was tested against the null hypothesis
that the above factors do not affect the analyzed parameters.

2. Materials and Methods

2.1. Experimental Design and Crop Management

The field experiment was initiated in autumn 1967 in the Production and Experimental Station in
Bałcyny in north-eastern Poland (53◦40′ N; 19◦50′ E). During the first five years, nine crops were sown
in a continuous cropping system (growing of the same crop on the same field each year). In 1972, two
crop rotations were included to analyze continuous cropping impact. Crop rotation varied throughout
the experiment. Currently, twelve crops in continuous cropping and in two crop rotations (growing
different crops one after the other on the same field) are being sown. The crop rotations are A. sugar
beet, maize, spring barley, peas, winter rape, and winter wheat; B. potato, oats, fiber flax, winter rye,
faba bean, and winter triticale.

Fertilization in the first sixteen years was the only mineral. Since 1983 farmyard manure was
included in doses: 30 t ha−1 on potato/sugar beet field and 15 t ha−1 every three years in a continuous
cropping system. Mineral fertilizers are applied in terms and doses respective to each crop’s needs.

In one part of every crop field, no pesticides have been ever applied, which provides a unique
chance to study no plant protection effect after 52-years of a continuous cropping and crop rotation
system. To have a comparison for these results on the other parts of each crop field, herbicides (since
1972 till now) and fungicides (since 1983 till now) have been included. Throughout the experiment, the
use of pesticides has been updated according to The Institute of Plant Protection National Research
Institute recommendations.

The results presented in this paper were based on two crops differing in their biology and
agricultural importance: spring barley (cultivar Radek) and faba bean (cultivar Amigo). Spring
barley is grass with a short root system and short vegetation period whereas faba bean has a deep,
well-developed root system with nitrogen-fixing nodules. Faba bean, by nitrogen fixation and high
mass of residues, increases soil biological activity, organic matter content, porosity and soil moisture,
which has an impact on earthworm communities [40].
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Basic agricultural data for spring barley and faba bean in 2019 are presented in Table 1.

Table 1. Basic agricultural data for spring barley and faba bean in 2019.

Item Spring Barley Faba Bean

Soil tillage system Plow tillage (with crop residues incorporation after harvest)

Mineral fertilisation
-P2O5 (kg/ha) 70 1 60 1

-K2O (kg/ha) 100 1 100 1

-N (kg/ha) 70 (50 1 + 20 2) 40 1

Plant protection
herbicides

Mustang 306 SE; florasulam + 2,4-D
EHE; 0.5 l/ha; stem elongation *

Corum 502.4 SL; bentazon + imazamox;
1.25 l/ha; 16 leaf unfolded

Dash HC; fatty acid esters + alkoxylated
alcohols-phosphate esters; 0.6 l/ha;

16 leaf unfolded
fungicides

Capalo 337.5 SE; fenpropimorph +
epoxiconazole +metrafenone; 1.5 l/ha;

stem elongation Dithane NeoTec 75 WG; mancozeb; 2.0
kg/ha; flower buds visible outside leavesAmistar 250 SC; azoxystrobin; 0.6 l/ha;

flowering
Artea 330 EC; propiconazole +

cyproconazole; 0.4 l/ha; flowering
1—before sowing, 2—at stem elongation stage; * trade name; active ingredient; rate; crop growth stage.

Two experimental factors were investigated, each with two levels: I. cropping system: continuous
cropping (CC) vs. crop rotation (CR), II. plant protection: herbicide + fungicide (HF+) vs. no plant
protection (HF−). In both spring barley and faba bean, particular experimental treatments (CC-HF+,
CC-HF–, CR-HF+, CR-HF−) were performed in 3 replications (i.e., plots). From each plot 3 samples
were taken. That brought the total to 9 samples for each treatment. Each plot size was 27 m2.

2.2. Soil Characteristics

The experiment was established on Luvisol medium soil, derived from light loam lying on loamy
sand. At the beginning of the lasting rotation (2016) soil contained an average (mg kg−1) of available
forms of phosphorous—289.3, potassium—258.5, magnesium—55.0, total nitrogen—800 with 1.1%
Corg, and pH—5.7.

2.3. Meteorological Data

The climate in this region is temperate humid, with annual total precipitation around 587.5 mm
and a mean annual air temperature of 7.9 ◦C (data for the years 1981–2015). Weather conditions of the
July–September 2019 period are presented in Figure 1. High air temperature in combination with small
rainfall before sampling in August could have reduced earthworm activity and biomass. In September,
the rainfall and temperature were more favorable for earthworms [41].

55



Agronomy 2020, 10, 586

0

5

10

15

20

25

30

0

5

10

15

20

25

30

1 5 10 15 20 25 1 5 10 15 20 25 1 5 10 15 20 25 30

R
ai

nf
al

l, 
m

m

Te
m

pe
ra

tu
re

, °
C

July                               August                           September     

rainfall temperature

Figure 1. Daily temperature and rainfall before sampling.

2.4. Sampling

2.4.1. Post-Harvest Residue Sampling and Preparation

Just after harvest, the post-harvest residues (crop and weed bottom stalks with roots) were
removed from a surface area of 0.40 m2 and a depth of 0.30 m in three replications from each plot.
Residues were transported to the laboratory in plastic bags. Crop and weed residues were separated,
washed under tap water and air-dried for several days. Crop residues were split into shoots and roots.
The dry mass of post-harvest residues was weighed.

2.4.2. Soil Sampling and Preparation

Three soil samples from each plot were selected on the days of earthworm collection. Soil samples
were taken in three replications from each plot from a 0–30 cm depth with a hand-held twisting probe
(Egner’s soil sampler) and returned in plastic bags to the laboratory. Stones and plant residues were
removed from the soil. Soil samples were air-dried in plastic trays and then passed through a 2 mm
sieve to prepare homogenous samples.

Soil Organic Matter Analysis

The soil organic matter (SOM) was determined using the loss-on-ignition method [42]. Soil samples
(each of mass 10 g) were oven-dried in crucibles at 105 ◦C for 2 h to remove hygroscopic water and then
cooled and weighed. Afterward, soil samples were heated at 360 ◦C for 2 h and cooled and weighed.
SOM (%) was calculated as the mass lost during combustion:

SOM = [(soil weight 105 ◦C − soil weight 360 ◦C)/soil weight 105 ◦C] × 100 (1)

Soil pH Determination

Soil pH was determined using the potentiometric method after water extraction (pH (H2O)).
In glass beakers, 10 g of the air-dried and sieved soil samples were mixed with 25 mL of distilled
water and shaken. After two hours of equilibration, electrical conductance was measured in soil-water
suspension for 10 min using a Hanna HI 221 (Hanna Instruments) pH meter.

56



Agronomy 2020, 10, 586

2.4.3. Earthworm Sampling and Identification

On 12 plots of each crop, three soil samples (25 cm × 25 cm × 40 cm depth) were sampled after each
crop harvest: spring barley—1.08.2019 and faba bean—26.09.2019. Earthworms were selected from
soil blocks by the hand-sorting method. In the laboratory, earthworms were rinsed, dried, weighed
(data refers to live biomass), narcotized in 35% ethyl alcohol and preserved in 4% formalin and 75%
ethyl alcohol. Clitelated individuals were classified into species level, and juveniles were classified
into species or genera level by external morphology using keys [41].

2.5. Statistical Analysis

The data were analyzed statistically by a two-factorial analysis of variance ANOVA in the
STATISTICA (data analysis software system), version 12, StatSoft. Homogeneous groups were
estimated by Duncan’s test at a p < 0.05. The Shapiro–Wilk W-test was used for testing the normality
of variable distribution and Levene’s test for homogeneity of variance. The correlation coefficients
were calculated to measure the strength and direction of the relationship between the variables. The
coefficients were determined based on the data from all treatments, separately for spring barley and
faba bean.

3. Results and Discussion

3.1. Post-Harvest Residues

In spring barley fields, the cropping system did not affect the dry mass of post-harvest residue
(Table 2). However, CC related to CR increased faba bean mass of shoots, weeds and total residues.
Positive influence of CC on faba bean shoots residues biomass was an unexpected result because
growing faba bean in the same field year after year leads to the accumulation of autotoxic compounds
(mainly phenolic acids) in the soil that inhibits plants growth [43]. In previous studies based on this
experiment, Rychcik and Zawiślak [44] reported lower faba density under CC than CR treatment.
Though, the lower density of plants may result in their higher biomass. This effect was reported
by Kotecki in the experiment with faba bean, were biomass of one plant increased with density
decrease [45]. Post-harvest biomass of weeds is the aftereffect of weeds density. The current consensus
is that crop rotation, in contrast to continuous cropping, decreases weeds density, which was confirmed
by Rychcik in faba bean fields [46].

HF+ compared to HF− treatment resulted in higher production of residues in both crops: in spring
barley—shoots, in faba bean—shoots and roots. Furthermore, the biomass of weeds residues was
significantly higher in HF− cereal and legume fields in relation to HF+. The presented results are
obvious, considering the effects of herbicide use, which was in line with previous studies [46].

In spring barley fields, CC-HF+ increased the total residue biomass in comparison to CC-HF−,
while there was no difference between CR-HF+ and CR-HF−. CR-HF− resulted in less spring barley
shoots mass production related to CC-HF+ but it was higher than under CC-HF−. The biomass of
weed residues under CC-HF− and CR-HF−was higher than in CR-HF+. The achieved results are in
agreement with a previous study concerning weed infestation of spring barley in this experiment [47].

Similar results were noted in faba bean fields. The total residue biomass in CC-HF− and CR-HF+
was significantly lower than in CC-HF+ and higher in relation to CR-HF− interaction.

Moreover, HF+ in relation to HF− increased the biomass of faba bean shoots residues in CR, but
not as strong as with CC. In relation to other treatments, CC-HF−increased the mass of weed residues.
The biomass of faba bean roots was unaffected by treatment interactions.
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Table 2. Dry mass of post-harvest residues (t ha−1).

Treatments Total Shoots Roots Weeds

Spring Barley

cropping system

CR * 2.82a ** ± 0.15 2.07a ± 0.10 0.62a ± 0.07 0.13a ± 0.04
CC 2.74a ± 0.39 2.04a ± 0.33 0.49a ± 0.09 0.20a ± 0.03

plant protection

HF− 2.37b ± 0.21 1.70b ± 0.16 0.45a ± 0.07 0.23a ± 0.02
HF+ 3.18a ± 0.26 2.42a ± 0.21 0.66a ± 0.07 0.11b ± 0.04

interaction

CR-HF− 2.74ab ± 0.27 2.02b ± 0.14 0.52a ± 0.10 0.21a ± 0.03
CR-HF+ 2.89ab ± 0.17 2.12ab ± 0.18 0.71a ± 0.05 0.05b ± 0.01
CC-HF− 2.00b ± 0.16 1.37c ± 0.05 0.38a ± 0.11 0.24a ± 0.02
CC-HF+ 3.48a ± 0.46 2.71a ± 0.28 0.61a ± 0.14 0.16ab ± 0.05

Faba Bean

cropping system

CR 1.24b ± 0.15 0.42b ± 0.09 0.47a ± 0.13 0.35b ± 0.08
CC 1.93a ± 0.18 0.70a ± 0.17 0.49a ± 0.14 0.73a ± 0.13

plant protection

HF− 1.29b ± 0.17 0.29b ± 0.05 0.26b ± 0.07 0.74a ± 0.13
HF+ 1.87a ± 0.19 0.82a ± 0.11 0.70a ± 0.10 0.34b ± 0.07

interaction

CR-HF− 0.97c ± 0.05 0.25c ± 0.07 0.26a ± 0.09 0.46b ± 0.12
CR-HF+ 1.51b ± 0.18 0.59b ± 0.05 0.69a ± 0.17 0.23b ± 0.06
CC-HF− 1.62b ± 0.21 0.34c ± 0.06 0.27a ± 0.13 1.01a ± 0.04
CC-HF+ 2.23a ± 0.16 1.06a ± 0.09 0.72a ± 0.16 0.45b ± 0.12

* CR—crop rotation, CC—continuous cropping, HF−—no plant protection, HF+—herbicide + fungicide; ** values
with different letters vary significantly (Duncan’s test, p < 0.05), x ± sem—mean ± standard error of mean.

3.2. Soil Organic Matter Content

Experimental factors and their interactions did not affect the SOM in spring barley and faba bean
fields (Table 3). These results are in line with the previous study based on this experiment where the
Corg content in spring barley was comparable to faba bean fields in both cropping systems [48]. The
same amounts of manure during every six-year-lasting rotation were applied in all treatments, so this
may be the major cause of undifferentiated SOM levels. In contrast to the presented results, some
authors [49–51] assert that crop rotation, especially with legumes, gives preferential conditions for soil
C increase.

Table 3. Soil organic matter (SOM) (%).

Treatments Spring Barley Faba Bean

cropping system

CR * 1.86 ** ± 0.10 1.98 ± 0.04
CC 1.88 ± 0.06 2.08 ± 0.08

plant protection

HF− 1.89 ± 0.11 2.11 ± 0.05
HF+ 1.85 ± 0.03 1.95 ± 0.07

interaction

CR-HF− 1.84 ± 0.21 2.03 ± 0.06
CR-HF+ 1.87 ± 0.08 1.93 ± 0.06
CC-HF− 1.93 ± 0.11 2.20 ± 0.03
CC-HF+ 1.83 ± 0.03 1.96 ± 0.13

* CR—crop rotation, CC—continuous cropping, HF−—no plant protection, HF+—herbicide + fungicide; ** values
do not differ significantly (Duncan’s test, p < 0.05), x ± sem—mean ± standard error of mean.
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3.3. Soil pH

In comparison with CR, CC increased soil pH in spring barley (Table 4). Hickman [52] reported
lower pH in maize continuous cropping than in maize—wheat and maize—soybean rotations and
soybean continuous cropping. The author suggested that these results may be explained by the
long-term use of anhydrous ammonia in maize crops fields. HF+ lowered soil pH in relation to HF−.
Spring barley under HF+ achieved higher yields than HF− (data not published). With higher yields,
larger amounts of macroelements were removed from the soil. In spring barley fields, the interaction
between cropping system and plant protection was proved. Under CR-HF+ treatment lower soil pH
than under CR-HF− was noted, while there was no difference in soil pH under CC-HF− and CC-HF+.
In faba bean fields, the values of soil pH were lower in CC than in CR. Dinitrogen-fixing legumes,
including faba bean, are considered to generate soil acidification by releasing H+ to rhizosphere [53–55].
Lee [56] reported that continuous legume cultivation increased soil acidity. Comparably, Williams [57]
noted soil pH decrease in a long-term experiment with clover pastures.

Table 4. Soil pH.

Treatments Spring Barley Faba Bean

cropping system

CR * 6.37b ** ± 0.11 6.73a ± 0.06
CC 6.89a ± 0.04 6.32b ± 0.03

plant protection

HF− 6.74a ± 0.09 6.55a ± 0.09
HF+ 6.51b ± 0.17 6.50a ± 0.12

interaction

CR-HF− 6.56b ± 0.06 6.75a ± 0.05
CR-HF+ 6.18c ± 0.16 6.72a ± 0.13
CC-HF− 6.92a ± 0.06 6.35b ± 0.03
CC-HF+ 6.85ab ± 0.05 6.28b ± 0.05

* CR—crop rotation, CC—continuous cropping, HF−—no plant protection, HF+—herbicide + fungicide; ** values
with different letters vary significantly (Duncan’s test, p < 0.05), x ± sem—mean ± standard error of mean.

HF+ caused pH decrease only in spring barley fields. Spring barley under HF+ produced
higher yields than under HF− (own data not published). Thus with higher yields, larger amounts of
macroelements were removed from the soil.

In faba bean fields, no interaction of cropping system and plant protection on soil pH was revealed.

3.4. Earthworm Species Richness and Structure

In the experimental fields, only three species of Lumbricidae were found: Aporrectodea caliginosa
(Sav.), Aporrectodea rosea (Sav.), and Lumbricus terrestris (L.) (Figure 2). The same species composition
was reported by Valchovski [58] in cultivated and non-cultivated Vertic Luvisol. The species richness of
earthworms in agroecosystems is usually lower than in natural ecosystems and depends mainly on soil
type, soil humidity, organic matter content, cultivation treatments, and crop type [59–61]. In both crops,
the most numerous species was Aporrectodea caliginosa (Sav.), which occurs commonly in arable lands
in all temperate zones [62–64]. This endogenic earthworm can adapt to unfavorable environmental
conditions like low soil moisture, low organic matter content, or tillage practices [22,65–67]. Although
Aporrectodea rosea (Sav.) is very common in agroecosystems in different crops as well as in
pastures [20,62,68], in the current study it was recorded only in spring barley fields under CR-HF+ and
CC-HF− treatments. It is worth noting that Lumbricus terrestris (L.) was found only in CR-HF+ and
CC-HF+ faba bean fields. Edwards [62] suggests that one of the limiting factors for Lumbricus terrestris
(L.) abundance is soil organic matter. Faba bean plants have a well-developed, extensive fibrous root
system, which gives preferential treatment to anecic earthworms.
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In both crops, the majority of the earthworms found were juveniles representing the genera
Aporrectodea.

(a) 

(b) 
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Aporrectodea caliginosa Aporrectodea rosea Aporrectodea juveniles
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Aporrectodea caliginosa Lumbricus terrestris Aporrectodea juveniles

Figure 2. Relative abundance (%) of earthworm species (based on individuals m−2) on (a) spring barley
and (b) faba bean (B) fields; CR—crop rotation, CC—continuous cropping, HF−—no plant protection,
HF+—herbicide + fungicide.

3.5. Earthworm Density and Biomass

The density of individuals and biomass of collected earthworms was lower than reported in
other works [64,69,70], but comparable with results achieved in other researchers conducted in The
Experimental Station in Bałcyny [71–74]. Experimental treatments did not affect the density or biomass
of earthworms in spring barley fields (Table 5). Spring crops do not create favorable environmental
conditions for earthworm abundance because of low organic matter input and agrotechnical works on
fields in early spring when the activity of earthworm communities increases.
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In faba bean fields, both experimental treatments affected earthworm abundance. In comparison
with CR, CC increased the density of individuals and biomass of earthworms. The reason for this could
be the higher mass of post-harvest residues. In a study by Edwards [62], the abundance of earthworms
was two times higher in fields with continuous wheat (for 136 years) than with wheat—root crops.
The negative influence of HF+ on the earthworm population in relation to HF− on faba bean fields
was apparent in the decrease in individual density and their biomass. Many authors reported a
reduction in growth, biomass loss, decreased cocoon production or higher mortality after pesticide
application [75–79]. Biomass reduction may be an effect of reduced food intake as a strategy to avoid
contamination. Nonetheless, the response to agrochemicals differs depending on earthworm species,
the concentration of toxic substances, environmental conditions (soil type, temperature, humidity,
organic matter content, etc.) and the duration of exposure [77,80,81]. CC-HF− treatment had a positive
influence on earthworm density and biomass in relation to other experimental treatments.

Table 5. Density (individuals m−2) and biomass (g m−2) of earthworms in spring barley and faba
bean fields.

Treatments
Spring Barley Faba Bean

Individuals Biomass Individuals Biomass

cropping system

CR * 15.3 ± 1.90 7.4 ± 0.94 8.0b ** ± 2.07 4.3b ± 1.28
CC 14.7 ± 3.37 5.9 ± 2.14 13.3a ± 3.21 9.0a ± 2.07

plant protection

HF− 14.0 ± 2.47 5.9 ± 1.52 15.3 a ±2.81 9.4a ± 2.19
HF+ 16.0 ± 2.91 7.5 ± 1.77 6.0b ± 0.89 4.0b ± 0.67

interaction

CR-HF− 18.7 ± 1.33 8.9 ± 1.04 10.7b ± 3.52 5.5b ± 2.42
CR-HF+ 12.0 ± 6.92 6.0 ± 1.08 5.3b ± 1.33 3.0b ± 0.81
CC-HF− 9.3 ± 2.67 2.8 ± 1.06 20.0a ± 2.30 13.2a ± 1.83
CC-HF+ 20.0 ± 4.61 9.1 ± 3.46 6.7b ± 1.33 4.9b ± 0.85

* CR—crop rotation, CC—continuous cropping, HF−—no plant protection, HF+—herbicide + fungicide; ** values
with different letters vary significantly (Duncan’s test, p < 0.05), no letters—no significant differences, x ± sem—mean
± standard error of mean.

3.6. Relationship Between Earthworm Abundance and Post-Harvest Residues, SOM, and Soil pH

In spring barley fields, no relationship between earthworm abundance and post-harvest residues,
SOM or soil pH was observed (Table 6). A strong positive association of SOM and earthworm
abundance was noted in faba bean fields This suggests that organic matter left in the field by a legume,
characterized by high protein content may be beneficial for earthworm populations. The above is
in the line with Kladivko [82], where a higher density of earthworms in continuous soybean than in
continuous corn was reported. The association between soil organic matter content and the presence
of the earthworms was also observed in other findings [83,84]. Soil pH and dry mass of post-harvest
residues were not significantly correlated with earthworm density or biomass.
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Table 6. The correlation coefficient (r) between density and biomass of earthworms with SOM, pH, and
post-harvest residues of spring barley and faba bean fields.

Features

Spring Barley Faba Bean

Earthworms

Individuals Biomass Individuals Biomass

residues 0.095 0.030 −0.116 0.057
SOM 0.192 0.105 0.730 * 0.713 *
pH 0.120 0.013 −0.228 −0.386

* coefficient significant at p < 0.05.

4. Conclusions

In the current study post-harvest residues were unaffected by cropping system, but HF+ compared
to HF− increased spring barely shoots residues and total post-harvest biomass and decreased weed
post-harvest biomass. Experimental factors did not differentiate SOM in spring barley fields. CC, in
relation to CR, increased soil pH whereas HF+ decreased it in comparison with HF−. In spring barley
fields, two earthworm species were found: Aporrectodea caliginosa (Sav.) and Aporrectodea rosea (Sav.).
CC and HF+ did not affect earthworm density or biomass in relation to CR and HF−. No correlation
between earthworm abundance and post-harvest residues, SOM, or soil pH was noted.

In faba bean fields above-ground post-harvest residue biomass was increased by CC in relation to
CR. In turn, HF+ compared with HF− increased total and faba bean shoots and roots post-harvest
biomass but decreased weeds post-harvest biomass. In faba bean fields, SOM stayed at the same
level regardless of experimental factors. Lower pH values were noted under CC than CR treatment,
whereas HF+ did not affect it. Aporrectodea caliginosa (Sav.) and Lumbricus terrestris (L.) were recorded
in faba bean fields. CC increased earthworm density and biomass in comparison with CR whereas
HF+ decreased these features in relation to HF−. Positive correlations between earthworm density
and biomass and SOM content were noted in faba bean fields.
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Abstract: Soil invertebrates are crucial for agroecosystem functioning yet sensitive to agricultural
practices, including fertilization. Considering the postulates of circular phosphorus economy, the use
of fertilizers from secondary raw materials is likely to return and increase and may even become
obligatory. The effects of recycled fertilizers on soil fauna communities, however, remain poorly
understood. In this paper, the effect of phosphorus fertilizer (RecF) and biofertilizer (RecB) from sewage
sludge ash and dried animal (porcine) blood on earthworm’s occurrence in soil is discussed. RecB is
RecF activated by phosphorus-solubilizing bacteria, Bacillus megaterium. Waste-based fertilizers were
assessed in field experiments against commercial superphosphate and no P fertilization. Three levels of
P doses were established (17.6, 26.4, and 35.2 kg P ha−1). Earthworms were collected after the test crop
harvest (spring or winter wheat). In the experiments two earthworm species, Aporrectodea caliginosa
and Aporrectodea rosea, were identified. A large proportion of juvenile individuals were recorded
in 2017. The recycled fertilizers used in the experiments used in recommended doses, similarly to
superphosphate, did not alter the density, biomass, species composition, and structure of earthworms.
Further long-term field research is recommended.

Keywords: Lumbricidae; Aporrectodea caliginosa; Aporrectodea rosea; phosphorus fertilizers;
phosphorus-solubilizing microorganisms; renewable resources; heavy metals; Luvisols; wheat

1. Introduction

Earthworms (Lumbricidae) are listed among the most important soil-dwelling invertebrates [1].
They constitute a major component of soil fauna communities in most ecosystems [2]. The role of
earthworms in soil fertility has been known for over a century [2]. So far, a great number of studies
have been undertaken which highlight direct and indirect effects of their activity on biotic and abiotic
soil properties, and, consequently, plant productivity. Due to their services, earthworms are referred to
as ecosystem engineers [3,4] and indicators of biological soil health [5,6].

The occurrence, distribution, and abundance of earthworms can be affected by a range
of environmental factors, including climate, soil conditions, food sources, metal concentration,
and predator pressure [5]. In addition, in agroecosystems, agricultural practices such as irrigation,
tillage, lime application, fertilizer and pesticide use, drainage, crop rotation, and cover crops influence
earthworm abundance and activity [7] because they change one or more of the factors listed above [5,8].

Despite potential soil pollution [9], increased use of inorganic fertilizers to enhance crop yields is
a common practice in modern agriculture. Both beneficial and harmful effects of inorganic fertilizers
on earthworm populations have been observed [10]. The positive effect is believed to be an indirect
consequence of increased crop biomass production and the resulting increase in organic residues [11].
On the other hand, the toxic effects of inorganic fertilizers on earthworms, especially upon direct
contact, have been reported [12,13].
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Modern European agriculture faces a shortage of primary phosphorus (P) sources. Phosphate rock
was included in the EU list of critical resources in 2014 [14]. A circular P economy, including recycling,
seems to be a necessity in this part of the world. Inorganic and organic waste are often a source of
nutrients in fertilizers [15,16]. As has been proved in numerous scientific centers, phosphate rocks
can be replaced with P-rich secondary raw materials [17–19]. Municipal and industrial byproducts
such as sewage sludge ash (SSA), animal bones, and blood may constitute the basis for alternative
fertilizers [19]. An innovative approach, initiated to activate P from raw material, is the inclusion
of phosphorus-solubilizing microbes (PSM) into waste-based preparations [20]. The use of recycled
fertilizers is expected not only to provide satisfactory yields in terms of quantity [21,22] and quality,
but also not to cause negative changes in the soil environment. Concerning the latter, it should be taken
into account that the introduction of nutrient carrier and PSM to the soil could alter soil properties
both directly (nutrient content and availability, pH, possible presence of toxic elements) and indirectly
(e.g., through microbial activity modification or plant growth stimulation) [23]. Changes in habitat
conditions could affect earthworm populations. It is also crucial to be aware that the consequences of
recycled fertilizer use, while being invisible in the short term, may lead to significant environmental
changes in the long term [24,25].

The aim of this research has been to determine the impact of the fertilizers produced from SSA
and animal blood on earthworm occurrence in the soil. The recycled fertilizer (RecF) and biofertilizer
(RecB), i.e., RecF activated by Bacillus megaterium bacteria (PSM) were assessed against superphosphate,
a commercial phosphorus fertilizer. It was hypothesized that the impact of the recycled fertilizers on
soil earthworms would be similar or more favorable/less harmful than that of the traditional P fertilizer.

2. Materials and Methods

2.1. Fertilizers

In field experiments, the recycled P fertilizer (RecF) and biofertilizer (RecB) were compared to
a commercial fertilizer superphosphate (SP). These preparations were manufactured from sewage
sludge ash (ash from the incineration of sewage sludge biomass from wastewater treatment; SSA) and
dried animal (porcine) blood. During RecB production, raw material (SSA + blood) was biologically
activated by phosphorus-solubilizing bacteria, Bacillus megaterium. Both products were in the form
of granules.

RecF and RecB were produced at the Institute of New Chemical Syntheses in Puławy (Poland),
according to a concept developed at the Wrocław University of Science and Technology (Wrocław,
Poland). The SSA originated from the Municipal Wastewater Treatment Plant ‘Łyna’ in Olsztyn
(Poland), and dried blood was obtained from the meat processing industry. The bacteria strains were
obtained from the Polish Collection of Microorganisms at the Institute of Immunology and Experimental
Therapy of the Polish Academy of Sciences in Wrocław (Poland). The elemental composition of the
recycled fertilizers is presented in Table 1. The production process was described by Rolewicz et al. [26].
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Table 1. Elemental composition of the recycled fertilizers.

Element Unit
2016 2017

RecF RecB RecF RecB

P

% mass.

8.68 9.55 5.40 4.95
N 2.89 2.87 3.44 3.15
K 1.09 1.16 0.62 0.67
C 13.4 14.6 14.2 12.3

Mg 1.54 1.70 0.79 0.78
S 0.56 0.56 0.47 0.40
C 12.5 13.9 16.5 18.1

Fe
g kg–1

26.9 29.0 11.4 11.3
Al 23.7 25.5 11.3 12.1
Zn 3.14 3.29 1.09 0.99

As

mg kg–1

31.4 20.0 15.5 20.5
Cd <0.01 0.345 0.660 0.742
Cr 54.7 62.9 63.9 59.1
Cu 778 850 334 334
Ni 54.8 62.6 28.5 21.2
Pb 19.9 21.8 0.920 4.53
B 71.3 74.1 41.1 57.6
Ba 349 382 162 168
Co 14.0 16.2 5.24 4.24
Mn 562 609 299 437
Mo 35.3 23.7 9.25 13.9

According to the Department of Advanced Material Technologies of the Wrocław University of Science and
Technology (Wrocław, Poland).

Superphosphate FosdarTM 40 (Gdańsk Phosphorus Fertilizer Plant ‘Fosfory’ Sp. z o.o., Gdańsk,
Poland) was purchased on the market. This P fertilizer contains 17.6% P, 7.15% Ca, 2.00% S,
and microelements (B, Co, Cu, Fe, Mn, Mo, and Zn), according to the commercial information
provided on the label.

2.2. Soil and Meteorological Conditions

Three field experiments with spring (2016, 2017) or winter (2017; sown in autumn 2016) common
wheat (Triticum aestivum ssp. vulgare MacKey) were conducted. In each experiment, the soil on which
wheat was grown met the requirements of the species (Table 2) and was within the range of soils
preferred by earthworms [27].

Table 2. Soil characteristics before the start of the experiments.

Experiment Soil Type Soil Texture
pH in
KCl

Total, g kg–1

C N P K Mg

Spring wheat 2016 Luvisols 1 sandy clay
loam 6.28 8.53 1.42 0.61 2.98 2.02

Spring wheat 2017 Luvisols sandy clay
loam 6.23 8.48 1.34 0.60 3.14 1.94

Winter wheat 2017 Luvisols sandy loam 4.98 6.48 1.01 0.49 2.95 1.88
1 According to World reference base for soil resources 2014 [28].

Meteorological conditions in the period of one month before earthworm sampling are presented
in Table 3. In both growing seasons, fairly heavy rainfall and moderate temperatures in July and early
August could have stimulated earthworm activity at the time of earthworm sampling [29,30].
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Table 3. Atmospheric precipitation and air temperature during the study period according to the
Meteorological Station in Bałcyny, Poland.

Year Month

Atmospheric Precipitation (mm) Air Temperature (
◦
C)

Period of Ten Days
Total

Period of Ten Days
Average

1st 2nd 3rd 1st 2nd 3rd

2016
July 39.6 34.0 65.0 138.6 17.5 18.1 19.9 18.5

August 54.5 10.4 7.0 71.9 17.7 15.6 19.3 17.6

2017
July 29.4 20.7 56.0 106.1 16.0 17.2 18.5 17.3

August 31.6 11.7 11.5 54.8 20.8 19.2 16.3 18.7

2.3. Experimental Design and Agronomic Management

In the field experiments, RecF and RecB were assessed against SP and no phosphorus (No P)
treatments. In addition, three different P levels were established: (1) 17.6, (2) 26.4, and (3) 35.2 kg P
ha–1; therefore, finally, ten treatments of P fertilization were compared (Table 4).

Table 4. Fertilization treatments compared in the experiments.

Treatment Symbol Fertilizer P Dose, kg P ha−1

No P without phosphorus fertilizer 0
SP1 superphosphate 17.6
SP2 26.4
SP3 35.2

RecF1 fertilizer from sewage sludge ash and 17.6
RecF2 dried animal blood 26.4
RecF3 35.2
RecB1 biofertilizer from sewage sludge ash 17.6
RecB2 and dried animal blood 26.4
RecB3 35.2

Phosphorus fertilizers were applied before the sowing of wheat. They were manually scattered
on the soil surface and then mixed with the soil by harrowing. Other basic agrotechnical data for the
experiments are presented in Table 5.

Table 5. Basic agricultural data for the experiments.

Item
Experiment

Spring Wheat 2016 Spring Wheat 2017 Winter Wheat 2017

Wheatcultivar Monsun Monsun Julius
Previous crop winter rape spring wheat winter wheat

Soil tillagesystem plough tillage plough tillage plough tillage
Fertilization
−K2O 1,kg ha−1 100 100 100

–N 2, kg ha−1 130 110 150
Plantprotection

–Herbicides florasulam + 2,4-D (29 May) florasulam + 2,4-D (22 May) florasulam + 2,4-D (13 May)

–Fungicides
thiophanate-methyl
+tetraconazole (9

June)azoxystrobin (8 July)

thiophanate-methyl +
tetraconazole (6 June)

azoxystrobin + (propiconazole +
cyproconazole) (28 June)

fenpropimorph + epoxiconazole +
metrafenone (16 May)fluxapyroxad +

pyraclostrobin + epoxiconazole
(8 June)

–Insecticides lambda-cyhalothrin(6 June) deltamethrin (6 June) deltamethrin (6 June)
–Growthregulators – – trinexapac-ethyl (16 May)

Sowing date 21 April 2016 20 April 2017 4 October 2016
Harvest date 12 August 2016 18 August 2017 4 August 2017

1 potassium chloride, 2 ammonium sulphate, – not applied.

Experiments were established in a randomized block design. In each experiment,
particular experimental treatments were performed in four replications (plots) (Figure S1). The area of
a single experimental plot was 20 m2.
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2.4. Earthworm Sampling and Identification

Earthworms were harvested mechanically 2–3 days after the wheat harvest. Soil columns with
a surface area of 0.0625 m2 (0.25 m× 0.25 m) and a depth of 0.4 m were dug out of each plot, then crushed
and passed through a sieve, and individuals of Lumbricidae were collected. Afterwards, the earthworms
were transported to the laboratory, where they were washed, counted, and weighed. Anaesthetized in
a 30% ethanol (Czempur, Piekary Śląskie, Poland) solution, earthworms were preserved in a 4% formalin
(Czempur, Piekary Śląskie, Poland) and 75% ethanol solution for the subsequent analysis of the species
composition. The earthworms were sorted into adults and juvenile forms. The adult individuals were
further classified into species using an identification key to soil-dwelling oligochaetes [31]. The species
composition, number and biomass of earthworms in the 0–0.4 m soil layer were expressed per 1 m2 of
plot area.

2.5. Statistical Analysis

The normality of variable distribution was checked using the Shapiro–Wilk W-test, and the
homogeneity of variance was checked using Levene’s test. Since the assumptions of the analysis of
variance were not met, the results were processed by the alternative nonparametric Kruskal–Wallis
test. The calculations were performed using Statistica 12.0 software [32].

3. Results and Discussion

Both in 2016 and 2017, thermal and rain conditions in July and early August promoted earthworm
presence in the 0–0.4 m soil layer. Having found convenient habitat moisture at this level of the soil
profile, the individuals of Lumbricidae did not enter into diapause or migrate deeper into the soil
seeking better conditions [30]. The density of earthworms found in the studied soil columns ranged
from 6 to 44 individuals and the biomass from 1.1 to 21.5 g per m2 (Table 6). These values are similar to
those presented by Tiwari [33] from a sandy loam Oxisol in India, but smaller than the values reported
by other authors from different arable soils in Poland [4] and Slovakia [34]. The abovementioned
differences may have been caused by different timing of sampling, which did not correspond to the
periods of the highest earthworm activity (spring and autumn) indicated in the literature [4,34]. In 2016,
the average earthworm biomass was relatively higher than in 2017 due to a greater share of adult
individuals in the community.

Table 6. Earthworm density (no. m−2) and biomass (g m−2) in the 0–0.4 m layer of soil under wheat
(averages from four replications/plots).

P Treatment

Spring Wheat 2016 Spring Wheat 2017 Winter Wheat 2017

Earthworm

Density Biomass Density Biomass Density Biomass

No P 22 16.3 18 7.8 6 1.1
SP1 18 9.8 24 5.4 22 7.6
SP2 26 21.5 32 12.0 12 7.3
SP3 18 9.4 20 8.0 16 8.5

RecF1 26 15.0 12 3.2 20 8.1
RecF2 8 6.7 16 3.5 20 11.0
RecF3 12 6.1 12 3.6 12 6.6
RecB1 14 11.4 16 6.7 10 3.8
RecB2 16 9.1 6 1.6 14 8.0
RecB3 28 16.4 44 11.2 8 4.9

No significant differences between treatments according to the Kruskal–Wallis test at p ≤ 0.05.

In all experiments, only two earthworm species were identified, i.e., Aporrectodea caliginosa and
Aporrectodea rosea (Figure 1), which is hardly surprising. These species are among the most common in
Poland [31] and Europe [35], and they were the only ones recorded by Kanianska et al. [34] in some
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study sites in Slovakia. In 2016, mainly adult earthworms were noted, and on average, A. caliginosa and
A. rosea occurred in similar proportions (42% and 39%, respectively). In 2017, among the earthworm
individuals found after spring wheat harvest, juvenile forms dominated, often constituting 100% of
the community. Adults were found sporadically. A large proportion of juvenile forms (mostly over
50%) were also recorded in the soil after the winter wheat harvest. In this experiment, A. rosea was
predominant. A high number of juvenile individuals is often thought to be an indicator of suitable
conditions for earthworm development [29,36]. A dominance of juvenile forms over adult earthworms
has also been noticed by other authors [4,34].

Figure 1. Species composition and structure of earthworms (based on the density of individuals).
No significant differences between treatments according to the Kruskal–Wallis test at p ≤ 0.05.

In none of the conducted experiments did the earthworm density and biomass depend on the type
of P fertilizers used or their doses (Table 6). Moreover, earthworm abundance (density and biomass)
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under no P treatment did not differ from that under fertilizers. In addition, no evident link between
the species composition and structure of earthworms and the applied P fertilization was observed
(Figure 1).

To compare, in the study by Tiwari [33] conducted in an Oxisol (India), the single superphosphate
applied at P dose of 25 kg ha–1 did not change the earthworm density and biomass in comparison
to control treatment (no fertilizer). An increase in the number and biomass of earthworms with the
addition of superphosphate to pastures in Australia and New Zealand was reported [37]; however,
the authors argued that P fertilizer led to an increase in plant production in these ecosystems
and, hence, available food. In contrast, in other studies [34,38,39], a negative relationship between
earthworm biomass and P content in soil was found. Some authors proved that inorganic fertilizers,
including superphosphate, can be toxic to earthworms upon direct contact [12,13].

In the current study, the SSA is the main raw material for the fertilizers produced, and one that
may raise concerns about the heavy metal presence [18]. The issue of toxic element occurrence is key
since Khan et al. [40], based on a pot experiment, claimed that the high content of heavy metals in the
tested fiber and chemical industry sludge ashes was the reason for the decrease in the number of adults,
juveniles, cocoons, and fresh weight of the earthworm Pheretima posthuma found four months after
the waste application. Using animal blood as a fertilizer for organic farming [41,42] and a fertilizer
binder [43] was recommended. The content of potentially toxic elements in fertilizers tested in the
current study was low (Table 1), and the fertilizer doses used were not excessive. According to other
research, metals such as copper (Cu), zinc (Zn), and iron (Fe), which are contained in RecF and RecB
fertilizers, may also be toxic to earthworms [13,44,45], although they play the role of microelements for
plants. Neuhauser et al. [44] proved that Cu and Zn were more toxic to Eisenia fetida than cadmium (Cd)
and lead (Pb). Toxicity of aluminum (Al) to earthworms was reported as well [46]. Additional reflections
(and caution) should also be prompted by studies on long-term use of sewage sludge documenting the
negative impact of metal accumulation in the soil on soil microorganisms [24,25,47].

To date, only a few studies have examined the effect of SSA-based fertilizers on earthworms.
Rastetter et al. [48] ecotoxicologically analyzed three crystallization products and five ash products of
recovered phosphate-containing materials, obtained from treated sewage sludge, sludge liquors or
sludge ashes from municipal wastewater treatment plants in Europe. The phosphate recyclates were
compared with a conventional phosphate fertilizer (triple superphosphate). The avoidance test with
the earthworm Eisenia fetida was used to determine the effects of chemicals on behavior of earthworms.
The authors concluded that relevant agronomical application amounts of all phosphate recyclates and
triple superphosphate might not have an acute toxic effect on the soil invertebrates. In contrast to
endogeic species found in the current study, E. fetida is epigeic, and some research has suggested that
the sensitivity of ecologically different earthworm species to chemicals/pollutants may vary [49,50].
The earlier field studies by Jastrzębska et al. [23,51–53] showed that suspension and granular fertilizers
from SSA and/or animal bones with a low content of toxic elements and applied in recommended
doses did not alter the abundance (density and biomass), species composition, and structure of soil
earthworms. In the cited studies, only endogeic species were found, both in fertilized and nonfertilized
soil. The current study is in line with the above results. It is also worth highlighting that the peculiar
impact of PSM included in biofertilizer on earthworms was not noticed. The same results were obtained
by Jastrzębska et al. [53] when fertilizer and biofertilizer from SSA and animal bones were compared.
It can thus be concluded that PSM introduced into the soil in the amounts required for biofertilizers do
not significantly alter the earthworm habitat conditions.

In the presented experiments, chemical plant protection was used. This may create the assumption
that pesticides affected earthworms and masked the effects of fertilizers. However, in the earlier
study with SSA-based suspension fertilizer, Jastrzębska et al. [23] did not observe the effect of
pesticides (applied at recommended doses) on earthworms, nor the interaction between phosphorus
fertilizations and plant protection (no plant protection vs. chemical plant protection). Considering the
abovementioned results, we believe that this phenomenon did not occur in the presented study either.
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4. Conclusions

Recycled fertilizers produced from secondary raw materials, such as sewage sludge ash with
a low content of toxic elements and dried animal blood, applied in reasonable doses, similarly to
superphosphate, did not pose a threat to earthworms. The impact on these organisms is not a limitation
to their use. However, taking into account the potential toxicity of waste, relevant studies preceding
the recommendation of each new recyclate-based product and long-term field ones are postulated.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/4/525/s1,
Figure S1: Scheme of experimental design.
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Abstract: Soil nematode populations have the potential to indicate ecosystem disturbances.
In response to questions about nematode interactions with soilborne diseases and whether genetically
modified cotton altered nematode populations, several fields in the Namoi cotton growing area
of Australia were sampled between 2005 and 2007. No significant interactions were observed,
but nematodes numbers were low and postulated to be due to the use of the nematicide aldicarb.
Aldicarb was removed from the system in 2011 and in 2015 funding allowed some fields to be
resampled to determine if there had been a change in the nematode numbers following aldicarb
removal. No significant changes in the total nematode numbers were observed, implying that the
removal of aldicarb had little impact on the total nematode population size. However, an increase
in plant parasitic nematodes was observed in both fields, but the species identified and the levels
of change were not considered a threat to cotton production nor driven solely by altered pesticide
chemistry. Additionally, greater numbers of higher order coloniser-persisters in the 2015 samples
suggests that the current cotton production system is less disruptive to the soil ecosystem than that of
a decade ago.

Keywords: axonchium; helicotylenchus; tylenchorhynchus; pratylenchus; reniform;
vertosol; gossypium

1. Introduction

The use of pesticides often courts controversy and remains an issue that often results in political
intervention [1,2]. Changes in the regulatory processes of both the EU and the United States EPA
brought about a decision from Bayer to halt production of aldicarb, a nematicide developed in the
1970s, by 2014 and for complete removal of the product by 2018 [3]. Aldicarb was utilised on a range of
crops, but primarily in Australia in cotton, sugar cane and citrus [4,5].

Australian cotton systems have historically been without the nematode related production issues
experienced by other cotton producing nations [6], although the presence of the reniform nematode,
Rotylenchus reniformus [7], in the Theodore production area of Queensland highlights that this status
can change. As a consequence of this, aldicarb was not registered for nematode control, but for early
season control of aphids, mirids, jassids, mites, wireworms and thrips that aldicarb’s systemic activity
offered whilst retaining beneficial populations [8]. Control of these early season pests following
the removal of aldicarb from Australia in 2011 has been provided either through the optional use
of neonicotinoids, in the form of Cruiser® (active ingredient (a.i.) thiomethoxam, Syngenta) [9],
or through the continued or adopted use of the organophosphates and carbamates, such as phorate
and carbosulfan, respectively. The impact of neonicotinoids on entomopathogenic nematodes has
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been reported to have limited impact on reproduction [10,11], which might imply limited effects on
other free living soil nematodes [10,11]. The organophosphate and carbamates are known to have
nematicidal activity particularly against reniform, lesion and root-knot nematodes [12,13], but existing
work has been on sandy soils, not in clay vertosols. Additionally, impacts beyond the targeted pest
nematode population have either not been undertaken [12,14] or found no difference [13].

Adoption of the synthetic pyrethroids to control of wireworm and mirids offers protection to
above and below ground herbivorous damage, however, their impact on nematodes is negligible [5,15].
This assumption is based on the facts that no deleterious effects from synthetic pyrethroids have been
found on entomophathogenic nematodes [16–18]. However, when pyrethroids were introduced to
aquatic systems nematodes flourished [19], although Daptonema trabeculosum was found to be sensitive
to permethrin [15].

In the USA, aldicarb has been replaced in the cotton production system with either Avicta®

seed treatments (a.i. abamectin, thiamethoxam, mefenoxam and fludioxanil, Syngenta) in possible
conjunction with Velum® (a.i. fluopyram and imadicloprid, Bayer CropScience) or the use of Vydate®

(a.i. anticholinesterase, DuPont). At present, these products are not licensed for Australian cotton where
rotations and management conditions to promote rapid cotton establishment are the predominant
forms of nematode control [20,21].

In our initial nematode work in the Namoi in between 2005 and 2007, the low numbers of
recovered nematodes (<5 nematodes/g soil) were hypothesised as being due to the systemic use of
aldicarb [22,23]. This assumption was based on the impact aldicarb has on free living nematodes
in culture and under carrots [11,24]. However, despite being initially developed as a nematicide,
aldicarb has been rarely studied, in relation to free living nematodes [11], does not affect free living
nematodes under potato [25] and we could find no published evidence of its impact under cotton
rotations. With changes in funding, movement of staff and the removal of aldicarb in 2011, we were
unable to test our hypothesis directly, instead resampling fields in in the upper and lower Namoi valley
in 2015, which were originally sampled in 2005 and 2007 and for which nematode community analysis
had been undertaken [22,26]. The nematode communities were assessed and compared between the
sampling years to determine if the nematode numbers had increased with the removal of aldicarb
and if there had been changes in the nematode population structure. The results are discussed within
the context of the potential for effects on the Australian cotton production system and the ecological
significance of the observations.

2. Materials and Methods

2.1. Soil Characteristics and Nematode Sampling

Field A: In July 2005 and June of 2007, a field in the lower Namoi (field A) was sampled as part
of investigations into non-target effects of genetically modified (GM) cotton on soil microbiology.
The field soil is a grey vertosol, 52% clay, pH 8.2 and 200 m above sea level. The mean annual maximal
temperatures is 26 ◦C and minimum 12 ◦C and the area receives 660 mm of summer dominant rainfall.
In the field, samples were collected from under each variety being cultivated, resulting in 16 samples
in 2005 and 12 in 2007, with sites evenly spaced along 180 m of the plant line. Approximately one
kilogram of topsoil was taken to a depth of 15 cm at each site from under mature cotton. In March,
2015, this field was resampled when it was again under cotton, using field maps of the 2007 trial to
return to approximately the same location except that only six samples were taken from the plant line
at equidistant points from the tail to head ditch with the field having been planted under only one
variety. This field had been in a cotton–wheat rotation, with cotton planted in October of every even
year. Aldicarb had been applied at cotton sowing at a standard rate of 7 kg Temik®/ha (1.05 kg a.i.)
for thrips control with the final application made in October of 2010. In 2012 and 2014, phorate was
applied with cotton sowing as 6 kg Thimet®/ha (600 g/ha a.i.). Neither chemical was used in the wheat
phase of the rotation.
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Field B: In late October of 2005, soil was sampled from a field in the upper Namoi (field B) as
part of an investigation into nematode interactions with verticillium wilt. This field is a black vertosol,
65% clay, pH 8.5 and 270 m above sea level. Mean maximum and minimum temperatures are 12 and
27 ◦C, respectively, with the area receiving roughly 640 mm of summer dominant rain. One kilogram
of surface soil to a depth of 15 cm was recovered from the plant line of cotton seedlings. Briefly,
sample points were established from both the Northern and North-Western corners of the field by
walking a 20 m by 10 row transect into the crop and taking a sample. The transect walk was then
repeated until six samples had been gathered from each entry point. In March, when the field was
under mature cotton and again in June of 2015 after picking and root cutting, we collected samples
close to the original sampling points, based on field notes and discussions with the farmer. This field
had predominantly been under a cotton–cotton–wheat rotation since 1988, although sorghum had
been introduced in place of wheat in 2009, 2013 and 2014. Aldicarb had been applied as Temik® at
7 kg/ha in every year that cotton was sown, resulting in aldicarb application in 13 out of 28 years,
with the last application in 2011.

Cultivations varied between fields due to differences in the rotations, but both had been subjected
to pupae busting, a minimal cultivation to a depth of 10 cm at least 30 cm either side of the plant
line, post cotton crop harvesting and had been subjected to bed reformation in the spring prior to
cotton planting.

2.2. Soil Analysis

In all cases, field sampled soil was placed in plastic bags and returned in a chilled ice box to the
laboratory. In the laboratory, the samples were sieved through a 2 mm sieve and a 300 g subsample was
sent within 48 h of samples being taken in the field to Biological Crop Protection (Moggill, Queensland,
Australia) for nematode community analysis. Briefly, the soil moisture content was determined
gravimetrically and 200 mL of soil was weighed and used to establish Whitehead trays for nematode
extraction. Nematodes were subsequently recovered from the water solution within the trays and
assessed to determine nematode abundance. A sample of approximately 120 nematodes from the
count were identified to genus and, in the case of the plant parasitic nematodes, to species where
possible to facilitate community compositional analysis [27]. Recovered nematode data were analysed
both as recovered numbers and as the number of nematodes present per gram of dry weight equivalent
of soil to mitigate moisture and soil porosity differences.

2.3. Root Tissue Analysis

Roots were collected from all samples during the sieving process and the root tissue was cleared
using the NaOCl and acid fuchsin method of Byrd et al. [26,28]. Roots were spread over a 1 cm
gridded Petri dish and examined under a stereo microscope (20 to 45 x magnification) for the presence
of nematodes.

2.4. Community Comparisons and Statistical Analysis

The nematode community data from the 2005, 2007 and 2015 field samples were tabulated.
Comparative analyses for the free living nematodes and between the plant parasitic nematode types
were conducted on either raw or percentage compositional data, respectively, with multiple Wilcoxon
rank-sum tests between all possible pairwise comparisons. Significance in differences of the median
values was taken at the level of p < 0.05/x, where x represented the number of groups within any
series of pairwise comparisons. This decision was based on the existence of small sample sets for
each field and a lack of normality of the data. The nematode channel ratio (NCR) [29] was calculated
from the bacterial and fungal trophic group composition of the samples. Additional community
composition and change was assessed using the Nematode INdicator Joint Analysis (NINJA) web based
program [30] with probability of similarity of mean outcomes assessed with ANOVA, with significance
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taken at p < 0.05. This on-line tool was also used to generate maturity index (MI), Plant Parasitic Index
(PPI), enrichment (EI) and structural indexes (SI) for the samples [31,32].

3. Results

3.1. Soil Sample and Total Nematode Comparisons

The 200 mL soil samples had an averaged dry weight equivalent of 126.5 g (stdev = 4.5, n = 30)
for field A and 134.5 g (stdev = 8.8, n = 18) for field B over the period of assessment with no apparent
statistical difference between weights with sampling time or field, however, moisture content varied
between 24% and 35%. The total number of nematodes recovered per 200 mL of soil ranged from 267
to 2944, with an average of 1194, mode of 371 and standard deviation of 609 and standard error of 85.
Analysis of the total recovered nematodes did not indicate any significant difference in nematodes/g
assessed either within fields, between years or in combination (Table 1), but were detected for many
nematode ecological indexes and footprints (Table 2), primarily due to changes in the nematode
population structure recorded in 2015 in field B.

Table 1. Mean nematode counts of total free living nematodes, per g dry weight equivalent of soil and
the percentage of plant parasitic from 200 mL soil Whitehead tray recoveries of samples collected in
cotton fields A and B in the Namoi valley. The percentage contributions of the stunt (Merlinius and
Tylenchorhynchus spp.), lesion (Pratylenchus sp.) spiral (Helicotylenchus sp.) and dagger nematodes to
the plant parasitic nematodes within samples and years are given. Similarities in the plant parasitic
population are assessed with Wilcoxon rank-sum tests and significantly similar medians are indicated
with the same upper case letter.

Field Year
Nematodes
Per 200 mL

Per g/Soil
% Plant
Parasitic

% Stunt % Lesion % Spiral % Dagger

A 2005 1064 8.5 2.9 92.4 A 1.3 A nd nd
2007 791 6.3 1.0 41.8 B 49.9 B nd nd
2015 1319 10.2 1.6 11.3 B 81 B 7.7 nd

ns ns ns p < 0.01 p < 0.001 ns ns

B 2005 1229 9.8 1.1 100.0 nd nd nd
2015 1687 11.8 7.7 61.7 nd 36.8 1.4

ns ns p < 0.001 p < 0.001 p < 0.01* ns

* statistical analysis in cases where the nematode was previously not detected assumes a 0 value in the samples of
those years. No detection within the samples is indicated by ‘nd’ and ‘ns’ indicates no significant difference.

Table 2. Summary mean, standard deviations (SD) and corresponding ANOVA p values from the
Nematode INdicator Joint Analysis (NINJA) of the field analysed samples from 2005, 2007 and 2015 in
field A and 2005 and 2015 in field B.

Index Name
Field A

2005
Field A

2007
Field A

2015
Field B

2005
Field B

2015
ANOVA
p Value

Maturity Index mean 2.3 2.2 2.2 2.1 2.4 <0.001
SD 0.2 0.2 0.1 0.1 0.1

Plant Parasitic Index mean 2.4 2.6 2.1 2.3 3.2 <0.001
SD 0.3 0.3 0.1 0.4 0.5

Enrichment Index mean 35.6 26.1 37.4 44.3 49.2 0.001
SD 6.2 17.6 14.3 10.6 12.9

Structure Index mean 51.3 38.5 47.5 35.5 68.4 <0.001
SD 15.2 13.6 7.6 8.8 11.7

Nematode channel ratio mean 0.7 0.9 0.9 0.7 0.9 <0.001
SD 0.1 0.1 0.0 0.1 0.1
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Table 2. Cont.

Index Name
Field A

2005
Field A

2007
Field A

2015
Field B

2005
Field B

2015
ANOVA
p Value

Herbivore footprint mean 1.5 1.5 3.2 2.0 21.0 <0.001
SD 0.6 0.6 1.4 0.8 10.5

Fungivore footprint mean 3.2 1.3 0.7 2.2 0.8 <0.001
SD 1.5 0.7 0.5 0.8 0.5

Bacterivore footprint mean 14.4 22.5 24.2 24.5 15.2 0.009
SD 3.8 13.4 5.3 10.6 3.4

Predator footprint mean 1.6 0.5 0.7 0.0 0.7 0.09
SD 1.9 1.0 0.9 0.0 0.9

Omnivore footprint mean 11.8 7.7 5.3 6.6 5.7 0.044
SD 8.6 3.8 2.4 5.8 2.8

Total number mean 132.6 118.8 120.3 119.2 123.8 0.045
(nematode/200 mL) SD 11.6 15.7 9.0 15.0 11.4

3.2. Plant Parasitic Nematode Populations

The percentage of the nematode population representing plant parasitic nematodes had not
changed in field A and was reflected in the PPI scores for the field, which averaged 2.38, 2.56 and 2.09
for 2005, 2007 and 2015, respectively. However, the PPI had significantly (p < 0.001) increased in field B
from 2.29 in 2005 to 3.18 in 2015. Additionally, the composition of plant parasitic nematodes, in terms
of the abundance of specific parasitic genera, revealed changes in both fields. For example, in the
field B there was and remained no evidence of lesion nematodes (Pratylenchus sp.), but a significant
decrease in stunt (Merlinius and Tylenchorhynchus spp.) and an increase in spiral (Helicotylenchus sp.)
nematodes was observed. In field A, spiral nematodes were not observed in 2005 and 2007 samples,
but were found in the 2015 samples at >0.2% of the total nematode population. Stunt nematodes
were significantly (p < 0.001) higher in both fields in 2005 than in other sampling years, whilst the
proportion of lesion nematodes increased with time in field A (Table 1). Data on the abundances of the
ectoparasites, semi-endoparasites and migratory endoparasites as their % composition of the herbivore
assemblage implied that within field A the migratory endoparasites increased as the ectoparasites
were reduced, whilst in field B the semi-endoparasties appeared to have replaced the migratory
endoparasites (Figure 1).
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Figure 1. The percentage of the migratory endoparasites (e.g., Pratylenchus, white), ectoparasitic
(e.g., Tylenchorhynchus, grey), semi-endoparasitic (e.g., Helicotylenchus, black) and ectoparasitic (e.g.,
Xiphenema, dashed) feeding types of the herbivorous nematodes assemblage identified from 200 mL
soil samples from field A in 2005, 2007 and 2015 and field B in 2005 and 2015. Number of samples and
time of year differed between years with error bars representing the standard error of the means.

3.3. Nematode Community Assemblages

Community analysis with NINJA indicated that there was significant (p< 0.05, ANOVA) difference
in the maturity, plant parasitic, enrichment and structural indexes and the herbivore, fungivore,
bacterivore and omnivore footprints within the assessed field material (Table 2). The changes in the
assessed community reflected these differences in terms of shifts in the relative proportions of omnivore,
predatory, bacterivores, fungivores and herbivorous nematodes present (Figure 2) as well as in changes
to the composition of the herbivorous nematode assemblage (Figure 1). Whilst changes in the structural
and enrichment status of the samples were both significant (Table 2), graphical representation of the
data (Figure 3) supported an improvement in maturity of the analysed ecosystem rather than nutrient
enrichment, due to an increase in the number of higher order coloniser-persisters in the samples. This
was particularly evident for field B between 2005 and 2015 (Figure 3). NCR analysis indicated similar
scores between fields, but that the 2005 samples had a lower ratio than the populations of subsequent
samples in both fields (Table 2).
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Figure 2. Average percentage of the total recovered omnivorous (white), predatory (black), bacterivorous
(light grey), fungivorous (stripped) and herbivorous (dark grey) nematode feeding types as identified
from the evaluation of ~120 nematodes from each sample (n ≥ 6) from field A and field B over each
year of sampling. Error bars represent the standard errors of the means.

Figure 3. Food web analysis of nematode community assemblages from field A, sampled in 2005 (�),
2007 ( ) and 2015 (�) and field B sampled in 2005 ( ) and 2015 ( ). The Enrichment index parallels
with the nutrient enrichment whilst the structural index correlates with the maturity of the ecosystem.
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3.4. Root Tissue Observations

No nematodes were observed within the cleared and stained root tissue from the 2015 samples,
which was in contrast to the observation and recovery of H. dihystera from roots in field B and of
Rhabditea and Aphelenchidea from roots in field A in 2005.

4. Discussion

In general, abundances of total nematodes in soil supporting Australian cotton systems, as
observed in 2005 and 2007 [26,33], are considered low [34]. In addition to this, Australian cotton
production systems have not reported nematode issues, with the exception of the recent and localized
occurrence of the reniform nematode [7], and this was partly attributed to the widespread use of
aldicarb in cotton [22,23]. Aldicarb has a highly variable half-life in soil that ranges from a few to 408
days, with more rapid detoxification occurring in anaerobic soils [4,5]. In Australian cotton soils, the
half-life is thought to be about a week in surface soils, due to high soil temperatures and the repeated
fluctuation between aerobic and anaerobic soil conditions from flood irrigations [4]. With aldicarb
absent from these cotton fields for several years, residual compound and active metabolites from
historic applications should have fallen below effective levels [35]. In an attempt to discern if this
hypothesis was correct, two fields, roughly 160 km apart, in the Namoi valley, which had nematode
community data from 2005 and 2007, were reassessed in 2015.

Although observations from the 2015 sampling indicated that significant changes in the
composition of nematode communities were occurring (Figure 3), the total numbers of nematodes
supported within the vertosols had not changed (Table 1). This was taken as indication that aldicarb
had not imposed a limitation on the population size as initially hypothesised, which is in keeping
with other work where pesticide changes had not altered nematode population size, but had been
associated with a change in species richness [36,37]. Whilst the implications of other variations in
the assessed fields’ management systems, such as differences in clay content, irrigation strategies,
rotational histories and periods of fallow, could not be investigated from the field records available,
it was noted that between the two fields the frequency of fallows occurring post wheat and prior to
the return to cotton in the rotation varied [38]. Periods of long fallow of over 7 months in Australian
grains production systems, which can incorporate cotton, have been previously reported as causing
a reduction in the free living nematode population and altering the nematode channel ratio [29] in
favour of a fungal dominated decompositional community [39]. However, the populations analysed in
these fields indicated a move to more bacterially dominated decompositional communities over time
(Table 2).

Whilst we saw little change in the total free living nematode population across our samples,
changes in the nematode community composition were noted in the herbivorous assembly in field B
whilst herbivorous nematodes remained unchanged in field A. In a study in Slovakian, maize fields
increasing insecticidal chemistry to five times the recommended dose did not significantly alter the
nematode communities, but season of assessment did [37]; however, this trial did not interrogate other
management decisions. When comparing results from these cotton fields to existing studies [37,39,40],
it becomes apparent that there is a requirement for further systematic interrogation of the production
systems in order to identify the drivers of nematode community change.

Changes in cotton production practices are also possible causes of the observed differences in
the nematode communities within these fields over the last decade [41]. Since 2005, both farms have
experienced drought that has seen both differences in the amount and quality of the water used
for cotton irrigation in different years, which could have influenced nematode communities [42].
There has also been a change in the preferred cultivar material from cultivars based on the Sicot 189
family in 2005/7 to those of Sicot 74 and 75 in 2015 along with changes in pesticide use and nutrition
management [41], which has included the loss of aldicarb from the Australian cotton production
system. Additionally, sampling was not possible around the time of aldicarb removal from the system
due to funding, staffing movements and that sampling across the two fields occurred at different times
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within the cotton phase of the rotation, due to weather constraints that were unavoidable. These issues
further highlight that gaps exist in our knowledge of nematodes within Australian vertosols over
temporal periods.

Knowledge about the long-term changes in nematode communities due to changing crop
management practices would help in the development of options to avoid unexpected threats in
addition to providing insights into the ecology of soil fauna in production systems with multiple crop,
chemical and physical factors potentially influencing abundance and composition [43]. So whilst the
main drivers of nematode community change remain elusive, the nature of the differences between
fields and study periods highlighted the continued need for vigilance and the imposition of the ‘come
clean, go clean’ farm hygiene strategy, as currently promoted throughout the Australian cotton industry.
This strategy is required to continue to limit the spread of potential problem nematodes, such as the
reniform nematode, which is causing cotton production issues in Theodore [7], but remains undetected
in New South Wales (NSW). However, the presence of H. dihystera within field A and Xiphenema sp.
in field B in the 2015 samples was noted as neither had been previously detected there. Whilst it is
possible that these nematodes were not previously observed due to scarcity, the possibility that they
were introduced through soil movement on contaminated machinery over the intervening decade
remains plausible.

Changes in other members of the herbivorous nematode population were also noted. T. ewingi,
was still isolated from both fields, but in field B T. ewingi was significantly reduced as a percentage of
the plant parasitic population due to an increase in soil recovery of H. dihystera (Table 1). This change
was hypothesised as being due to rotational differences, which included the incorporation of sorghum
into the rotation of field B. This hypothesis was based on both Tylenchorhynchus and Helicotylenchus
spp. being known to survive on wheat [43] and having both been recorded on wheat and sorghum in
Australia [44]. Additionally, in a >20 year experiment involving continuous sorghum there was little
impact on Tylenchorhynchus spp., but incorporation of sorghum straw resulted in a significant increase
in the number of Helicotylenchus spp. recovered [45], which mirrored the observed change in field B.

The isolation of H. dihystera within field B was also noted to have changed over the decade. H.
dihystera was first observed in Australian cotton roots collected from field B [26], but was absent
from the soil samples in 2005. However, these observations were reversed in 2015 with H. dihystera
only observed in soil. This observation could possibly be linked to the difference in the time of
sampling [37] and a reduction in the number of samples, but might also be a function of the maturity
of the cotton roots. More likely though is H. dihystera ability to feed on sorghum as either an endo or
ectoparasite [45,46] and that sorghum was planted into the field B rotation in three of the previous five
years to the 2015 sampling.

The other plant parasitic nematode shift considered to be of note was that of the lesion nematode,
mostly P. thornei, which remained absent in field B, but had significantly increased in numbers in
field A. Although still not considered an issue for cotton production in Australia, establishment of
a population of around the levels found in 2015 without appropriate management could become an
issue for grain crops grown in rotation with cotton [47,48].

Out with the changes in the plant parasitic populations, there was an increase in general maturity
index of the community in the 2015 soil samples, suggesting an increase in the abundance of higher
order coloniser-persister (C-P) nematodes. This change was particularly evident with the increase
in the numbers of Axonchium sp., although it was echoed to a lesser extent in other nematodes with
C-P scores of >3 [31]. The Axonchium nematodes increased from 0.14% to 0.28% of the population in
field A, but in field B they increased from 0.42% to 17% of the total population and in some samples
represented 40% of the total free living nematode population. Members of the genus Axonchium pose
something of enigma, because the lack of a clearly identifiable mouth part makes them hard to assign
to a specific trophic group. This has seen Axonchium associated with either bacterial, root hair and
therefore plant parasitic or predatory feeding patterns [49,50]. Given the increase in these nematodes
in field B, it would be prudent to establish the exact feeding strategy of these nematodes, as changes in
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assignation of feeding strategy to a fungivore or omnivore, rather than an herbivorous ectoparasite,
increased the maturity and structural index, whilst reducing the plant parasitic index for field B.
However, altering the assigned feeding type for Axonchium had little to no impact on either the channel
or enrichment index and no effect on field A analysis, where they were less abundant in the samples.

From a production stand point, the apparent rise in plant associated and parasitic nematodes could
be seen as grounds for concern, especially in the absence of any chemical or cultivar control options,
but at the same time the increase in the maturity index of the populations (Figure 3), partly though
changes in predatory nematodes, could be indication of more persistent and stable populations
that might self-regulate any potential production threat [37,42]. Although most of the samples still
exemplify a state of degradation, based on the quadrat in which they occur [32], there does appear to
be a trend toward a trajectory in both enrichment and structural indexes (Figure 3). This observation
implies that between 2005 and 2015 the examined cotton production systems are moving toward more
opportunistic bacterial feeding strategies, based on the enrichment index, whilst the improvement
in the structural index implies a less disturbed soil food web and improved trophic interactions [51].
However, nematodes of the higher order trophic groups, which drive these developments, are known
to be easily disrupted by soil cultivation [51], making this a potentially unreliable control mechanism
under existing cotton production strategies that still involve some form of tillage.

In general, these observations indicate a continuing change in the nematode populations in the
Australian cotton fields sampled, probably due to changes in soil management, rotational variation
and seasonal environmental conditions [37,41,45], whereas the impact from pesticides is perhaps not
as important as originally hypothesised [22]. However, the scale of the current assessment highlights a
need for more intensive sampling and for an improved understanding of the genera present. Whilst
changes in the herbivorous nematode populations in these NSW fields implies limited current threat to
cotton production in these areas, the risk of movement of the reniform nematode from Queensland and
the absence of available nematicidal chemistry would caution that continued monitoring and vigilance
is warranted.
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Abstract: A large part of Australia’s broad acre irrigation industry, which includes cotton, is farmed
on heavy clay Vertosols. Recent changes in nematicide chemical availability, changes in rotations and
the observation of the reniform nematode in central Queensland has highlighted that we need to
improve our understanding of nematodes in these soils. We undertook preliminary investigations into
distribution by depth under a cotton-cotton and cotton-maize rotation as well as vertical movement
experiments in microcosms to better understand nematode distribution and movement in heavy clay
soils. Analysis revealed that field populations decreased with soil sample depth, but there were also
differences between rotations. In microcosm experiments, vertical movement of nematodes in these
heavy clay soils was restricted, even in the presence of plant roots and moisture, both of which were
hypothesised to improve nematode migration. The results imply that crop rotation currently remains
a plausible option for nematode control, and that we still have a lot to learn about the ecology of
nematode populations in Vertosols.

Keywords: Gossypium; Zea mays; vertisol; reniform

1. Introduction

In 2007, several experiments were undertaken within the Namoi valley cotton production area
of New South Wales (NSW), Australia. These experiments were looking for interactions between
genetically modified cotton and the soil biota [1], as well as the potential for an interaction between
nematodes and the verticillium wilt [2,3], which is a production issue in the valley. At that time,
there was no known nematode issue affecting Australian cotton production, although some potentially
pathogenic nematodes were isolated [4,5], but these were in low numbers and possibly controlled by
flood irrigation and the use of aldicarb [6].

Changes in funding and relocation of staff meant that continued monitoring was not
possible; however, in 2014, a reversal in circumstance meant sampling, albeit to a limited extent,
was recommenced. During the break in monitoring several changes occurred in the production
system [7], with the removal of aldicarb and a shift to rotations that included maize being of note [8,9].
Additionally, Rotylenhus reniformis had been associated with yield losses around the Theodore area
of central Queensland [10], which acted as a reminder of the importance of the Australian cotton
industries ‘come clean, go clean’ policies [11]. The impact of reniform in Theodore also highlighted an
industry requirement for more information on our nematode populations if we were to attempt to
avoid the issues that were experienced in the USA. In the USA, reniform spread across almost half
of the cotton fields of Alabama, Louisiana, and Mississippi in 50 years, reducing the yields by up to
20% [12,13].

We asked two questions to address some of the current unknowns, with regard to the Australian
cotton production system. One was whether the inclusion of maize into the cotton rotation could affect
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the distribution of nematodes in the soil profile? The second was, do nematodes have the potential
to move up a soil profile under favourable conditions? We undertook a combination of field core
assessments and glasshouse based recolonization studies to address these questions. The results of
these experiments are presented and discussed.

2. Materials and Methods

2.1. Soil Sites and Characteristics

Vertical distribution of nematodes, with regard to rotation, was recovered from soils taken from
field C1 at the Australian Cotton Research Institute (ACRI), Narrabri, NSW. The soil is an alkaline
dark grey clay Vertosol (approximately 66% clay) with a known decreases in soil carbon down the
profiles [14]. The rotation on the site has previously been explained in detail [15], and cores were
taken to a depth of 1 m in January of 2017 with a portable coring rig [16] from within the cotton-cotton
and cotton-maize rotations when both rotations were planted to cotton. Cores were returned to
the University of New England (UNE), where they were divided into 0–15, 15–30, 30–50, 50–70,
and 70–100 cm depths and nematodes were extracted using a passive recovery technique [17] prior to
enumeration. Other field parameters, such as cropping history and planting dates, were gathered from
field records at the time of sampling.

The soils gravimetric water content (GWC) was assessed by comparing the weight of a field
fresh sample with the resultant weight after drying to a constant mass at 105 ◦C. The dry weight bulk
density was calculated from the mass of the soils that were recovered from the core while assuming no
compaction during sampling.

Two soils were used in the vertical movement experiments. The first, designated ‘Kirby’,
was collected from UNE’s Kirby farm and it was a sandy loam (grey Chromosol [18]); 73% sand,
12% silt, and 14% clay with a pHH2O (1 to 5 in water) of 5.4. The second soil, ‘Cotton’, was collected
from a cotton property near Moree, NSW and it was a clay soil (black Vertosol [18]); 9% sand, 16% silt,
and 74% clay with a pHH2O of 8.2.

2.2. Soil Sterilization for Vertical Movement

Soil was autoclaved in 1 kg amounts at 20% GWC in open bags for one hour at 121 ◦C, at 1.5 bar and
with the process repeated three times, with a 24 h break between the commencements of each autoclave
cycle. Upon the completion of the sterilisation process, the autoclaved aliquots were combined into a
sterile polypropylene bag and then left for two weeks in an open aseptic environment. After this time,
three samples were taken from the soil and screened for nematode presence using passive extraction.

2.3. Microcosm Design

The microcosms were made from an unplasticised polyvinyl chloride (uPVC) pipe with an internal
diameter of 50 mm. The pipe was cut into 40 cm lengths, which were then cut longitudinally to allow
for the microcosm to be split lengthwise to facilitate soil recovery. The bottom of the microcosm was
held together and sealed with a 50 mm uPVC end cap and the top of the tube with a 50 mm uPVC
pipe to pipe joining collar. The cut edges of the pipe were sealed with tape to prevent water loss and
splitting under expansion of the soil. Under experimental conditions, the microcosms were supported
in plastic crates, which carried up to 16 microcosms.

2.4. Microcosm Packing

The microcosms were packed, so that sterile and non-sterile soil was represented in all combinations
within the experiments as either a top (0–15 cm) or bottom (15–30 cm) treatment. This meant that
there was; Kirby top: Kirby bottom, Kirby sterile top: Kirby bottom, Kirby top: Kirby sterile bottom,
and Kirby sterile top: Kirby sterile bottom with the same combinations for the Cotton soil. The soils
were packed to generate a dry bulk density of 1.4 g/cm3, which was achieved by weighing the required
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mass of soil for each half of the microcosm and adding one-third of the mass at a time before tamping
the tube five times on the bench to get the required compaction. An internal 15 cm mark was present in
each tube to assist with packing to the desired bulk density. After either the bottom or the tops of the
tubes were packed water was added to the presenting surface to raise the gravimetric water content of
the soil to 20%.

2.5. Planting and Watering

Into the planted microcosms two seeds of wheat, variety Gregory, were planted to a depth of 1 cm
and then the tops of all the microcosms were overlaid with 20 mL of 4 mm polypropylene beads to
reduce evaporation. The initial starting weight of each established microcosm was taken and the GWC
maintained by weight every Monday, Wednesday, and Friday of the experiment duration with the
addition of variable amounts of rainwater to within 0.25 g of starting weight.

In a second experiment, a flood irrigation for half of the planted and unplanted microcosms was
conducted two weeks after establishment by adding 50 mL of rain water to each of the identified
microcosms. This was calculated as being sufficient water to raise the GWC to 35%, which had been
established as being equivalent to −10 kPa.

2.6. Recovery and Nematode Counting

The microcosms were destructively sampled four weeks (28 days) after sowing wheat. The above
ground plant height was recorded and the plant shoot material excised. Fresh weight was determined
and the samples were dried for 48 h at 80 ◦C to determine the dry weight. Plastic beads were
recovered from the top of the microcosms and then the tape and top and bottom caps were removed.
The microcosms were opened in a large tray and the depth of visible root growth recorded. Soil was
then recovered from 5 to 10 cm and 20 to 25 cm depths. A proportion of this soil was recovered to an
aluminium tray to determine the GWC and approximately 10 g was weighed into a 50 mL centrifuge
tube for nematode recovery [17].

2.7. Results and Analysis

Excel was used to tabulate results and interrogate data for correlation coefficients (r) generation.
GenStat was used to undertake analysis of variance (ANOVA) of the measured variables, with Tukey’s
comparison test used to determine differences between multiple means with significance assumed to
occur at the p < 0.05 level. Outcomes were graphically presented.

3. Results

3.1. Vertical Distribution

The total free living nematode populations were observed to decrease with depth under both
the cotton-cotton and cotton-maize rotations with the overall population decline fitting the equation
y = −0.0928x3 + 0.8549x2 − 2.7682x + 4.6508, with a correlation of r = 0.99. There was no significant
difference between the rotations (p = 0.07), but there was a difference with depth (p = 0.001).
An interaction between depth and rotation (p = 0.02) was observed with a larger nematode population
in the cotton-cotton rotation between 30 to 70 cm than that recovered from under the cotton-maize
rotation (Figure 1).

There was a good correlation between soil gravimetric water and nematode recovery from the
cotton-maize rotation (r = 0.87), but not for cotton-cotton (r = 0.28). Both of the systems had good
correlation between soil bulk density and the average number of nematodes (r = 0.80 and 0.84),
with nematode abundance following a negative exponential curve as the bulk density increased.
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Figure 1. The mean free living nematodes per gram of soil recovered from a Vertosol supporting a
cotton-cotton (white) and cotton-maize (grey) rotation to varying depths. Error bars represent the
standard error of the means (n = 3) and the asterisks (*) indicate a significant difference between rotation
and depth (p = 0.02).

3.2. Vertical Movement

The initial nematode populations were enumerated at 6.1 and 9.8 nematodes/g for the Kirby and
Cotton soils, respectively. Examination of the soils, post sterilisation recovered no live nematodes in
the Kirby soil, but the Cotton soil had 1.1 nematode/g (11% of the original nematode population) still
alive after three rounds of autoclaving.

In both microcosm experiments, the wheat roots reached the bottom of the columns in the Kirby
soil (30 cm), but only managed an average depth of 20.6 cm in the Cotton soil. Despite this, the wheat
biomass was significantly higher (p < 0.001) in the Cotton soil than the Kirby soil, with means of 0.3
and 0.1 g, respectively.

In the first microcosm experiment, there was no significant difference in the nematode recovery
between the Kirby and Cotton soils (p = 0.32), the top and bottom of the microcosms (p = 0.33), and
whether wheat was planted or not (p = 0.11). Despite not being significant, nematode recovery, being
expressed as a ratio of the control, implied movement up into sterile Kirby soil in both the presence
and absence of wheat (Figure 2a). The average ratio of nematodes in sterile Cotton soil did not get
above 1 in upper sterile Cotton soil, which implied a lack of upward movement (Figure 2a). In the
bottom of the microcosms, there was a trend for increased nematode recovery in both sterile Kirby and
Cotton soils, but only when wheat was planted (Figure 2a), despite the maintained 20% gravimetric
water content.

In the second microcosm experiment, imposing flood irrigation on the Cotton soil significantly
increased the number of recovered nematodes (p = 0.07), with 2.7 as compared to 1.63 nematodes/g
for irrigated and GWC maintained soil, respectively. There was no significant difference in nematode
recovery from either top or bottom of the microcosm (p = 0.39). Planting wheat had no significant
effect on nematode recovery (p = 0.41), although the nematode recovery ratio increased above 1 for
both irrigation treatments in the absence of planted wheat (Figure 2b).
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Figure 2. The ratio of nematodes recovered from sterilised soil situated either above or below non-sterile
soil, compared to those recovered from a completely sterile treatment. A ratio of more than 1 (for
upward movement, lighter shades) and −1 (for downward movement, darker shades) indicates an
increase over the control. Kirby (Yellow) and Cotton (Brown) indicate where soil was sourced with (a)
looking at the impact of sowing wheat (diagonal black shading) on nematode recovery, while (b) is the
analysis of the impact of a maintained versus flood irrigation treatment (black dashed border) only in
the Cotton soils.

4. Discussion

Farming systems are prone to change and the Australian cotton production system is no exception.
However, the focus of these changes are often on either crop productivity or chemical and physical
properties of the soil [19], with less attention being given to the soil biology [1], despite the fact that
most, if not all, of our production diseases and pests are biological. We attempted to address some
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simple questions relating to nematodes in these systems in the face of the first observations of reniform
nematode causing problems in Australian cotton [10] and the loss of potential chemical controls [8].

Our initial focus was on whether nematode populations declined with depth and whether
rotations could influence their distribution. Our results indicated that there was a decline with depth
as well as differences between rotations. Given that we sampled at a time when both of the rotations
were growing cotton, we believe it would be safe to assume that the dissimilarity in the recovered
nematodes/g between 30 to 70 cm (Figure 1) occurred due to rotational difference. With cotton
being a tap rooted eudicot and maize a fibrous rooted monocot, a probable driver for changes in the
nematode numbers between these depths is rooting patterns [20,21] in combination with these roots
persisting post-harvest [22]. Root exudation and decomposition both have the potential to alter the soil
microbiology [23], which, in turn, would directly influence both the nematode community composition
and size [24]. Differences in the field management that are associated with the different rotational
crops, such as fertilizer regimes, cultivation, and stubble management, could also be altering the soil
microbial community and in turn the nematodes [25]. In keeping with this, cotton and maize roots are
known to differentially alter the soils’ abiotic properties [9], thus potentially altering the nematode
population densities, which was supported with the observed correlations between nematode numbers,
soil moisture, and bulk density. What a change is abundance does not address is whether it is also
associated with a change in the population’s trophic groups? Unfortunately, limitations on the volume
of soil in our microcosms, our inability to remove all of the nematodes from the Cotton soil with
autoclaving and the recoveries of only one to two nematodes/g from the recolonized soil, there was
insufficient numbers to confirm this. However, with known pathogenic nematodes in these soils and
a potential industry threat identified elsewhere, the difference in nematode abundance in soil from
under the different rotations adds support for rotational crops remaining one of the few strategies
available at present for nematode control in Australian cotton system [26,27].

Having observed a difference between the rotations, we postulated whether there was potential
for nematodes to move vertically within these soils. Vertical nematode movement has been previously
reported, notably for several plant parasitic nematodes that recolinise and recover from populations
that reside deeper in the soil after crop protection control measures, such as nematicide application,
have been implemented [28,29]. However, this work was undertaken on lighter soils than the Vertosol
soil being investigated here [29]. Water is known to play a key role in both nematode movement
and shaping community structure [30–32], and so we initially kept our soils at a moisture level that
should have facilitated nematode movement [30]. However, in our limited and short term experiments,
nematode movement either up or down in a heavy clay Vertosol appeared to be restrictive (Figure 2).
In addition, we included the planting of wheat as a treatment factor, while assuming that the presence
of growing roots might encourage nematode movement [33], but we observed no significant movement
in response to plant roots (Figure 2). While surprising, it has been previously reported that the vertical
distribution of roots does not always correlate to nematode movement or abundance [34]. While our
microcosm experiments imply limited nematode movement and recolonisation potential in Vertosols,
there are a number of caveats to consider prior to deriving any generalisations regarding nematode
movements in these heavy clay soils. Firstly, our system was only run for four weeks, a relatively
short period of time in a cropping cycle, we had limited replication and our Vertosol columns were
not exposed to repeated flooding and drying cycles, as experienced under field conditions, but kept
constantly moist. Finally, we did not work on the soils containing the reniform nematode due to
quarantine concerns, but, given the potential for nematodes to behave differently, could not rule out
the potential for R. reniformis to recolonise Vertosols from depth after flooding [10,28].

Accordingly, whilst these studies were preliminary, it is apparent that we still have much to learn
about the diversity, potential threats, activity and importance of nematodes in Australian Vertosols,
which themselves are challenging to work with. Within these heavy clay soils, the potential to use
crop selection as a control strategy remains [26,27]. In the face of a reduction in available chemical
controls [8], this strategy may continue to be one of the few mitigation options other than preventing
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nematode movement from infected fields [10] in the first place by maintaining ‘come clean, go clean’
practices [11].
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Abstract: Soil represents an important pool of biodiversity, hosting about a quarter of the living
species on our planet. This soil richness has led to increasing interest in the structural and functional
characteristics of its biodiversity. Studies of arthropod responses, in terms of abundance and taxon
richness, have increased in relation to their ecological value as bioindicators of environmental
change. This research was carried out over the 2014–2018 period with the aim to better understand
arthropod taxa responses in vineyard soils in Franciacorta (Lombardy, Italy). To determine the
biological composition in terms of arthropod taxa presence, one hundred soil samples were analysed.
Environmental characteristics, such as chemical composition, soil moisture and temperature, and soil
management were characterized for each soil sample. A total of 19 taxa were identified; the NMDS
model analysis and the cluster analysis divided them into five groups according to their co-occurrence
patterns. Each group was related to certain abiotic conditions; of these, soil moisture, temperature
and organic matter were shown to be significant. A decision tree analysis showed that a longer
period since conversion from conventional to organic farming lead to a higher arthropod biodiversity
defined as a higher number of taxa.

Keywords: soil biodiversity; vineyard; co-occurrence patterns; soil moisture; soil temperature; soil
organic matter; soil pH; vineyard management

1. Introduction

Soil has recently been described as the most complex and diverse ecosystem in the world [1],
and it represents an important pool of biodiversity. It is indeed one of the richest habitats of terrestrial
ecosystems in terms of species diversity [2,3]. The European Commission [4] estimates that about a
quarter of living species on our planet are found in the soil, and the importance of this biodiversity
has already been described in relation to the functional roles that the soil biota plays in regulating
ecosystem processes [5]. However, despite the increasing number of studies on soil biodiversity,
many structural and functional aspects of this biodiversity remain largely unexplored [5,6]. In this
context, the investigation of the relationship between soil arthropod communities, in terms of abundance
and taxa richness, and environmental conditions played an important role. The sensitivity of soil
arthropods to environmental conditions [7,8], soil properties [9] and soil management practices [10]
allows them to be considered as bioindicators of environmental change [11,12].
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The relative importance of the factors influencing soil arthropod diversity and abundance in
agroecosystems is still far from being understood. Indeed, the influence of abiotic and biotic variables
and their interactions [13,14] varies according to the climate, type of soil and agricultural practices.
The influence of meteorological variables (i.e., precipitation and air temperature), soil moisture
and temperatures on soil arthropods has already been evaluated in different habitats [15–23].
Soil moisture and soil temperature have emerged as important factors that determine arthropod
distribution [16,19,21,24,25], but the response of soil arthropods to soil water availability and
temperature has been shown to vary between taxa [26–29]. In general, the positive effect of
soil moisture on the abundance of soil arthropod communities has been emphasised [16,30] and
an optimum temperature range of between 5 ◦C and 10 ◦C was identified for species active in
winter, and between 10 ◦C and 18 ◦C for those active in summer [31] (p. 6). Soil chemical and
physical characteristics have been identified as important drivers in soil arthropod distribution and
abundance [9,11,13,20,32–38]. Soil texture [39], soil organic matter content [40,41], pH [11,37,38] and
heavy metal concentration [13,20] have been shown to have a major influence on soil biota. Of these,
soil pH and soil organic matter represent the most significant drivers in relation to the influence of
soil pH variation on soil arthropods presence [11,37] and to arthropods role in soil organic matter
degradation [34,35]. Soil arthropods contribute, in fact, to nutrient cycling as secondary decomposers,
conditioning litter through comminution and passage through the gut, for further breakdown by the
microflora [34] and stimulating microbial mineralisation of nutrients through grazing activity [35].

The influence of management on soil arthropods has been investigated in different agricultural
contexts [10,42–46]. In particular, different studies have focused on the effect of organic viticulture on
soil arthropod communities; different authors [15,47,48] show the general positive effect of organic
management on soil arthropod abundance and distribution. However, the results have varied for each
taxon investigated [49,50]. Furthermore, only few studies have been carried out evaluating the role of
time of organic practice application on soil arthropod biodiversity [51]. Further research is therefore
needed to assess the medium and long-term effects of organic agriculture on soil biodiversity [52].

In this paper, we report on the results of a 5-year investigation into the responses of the arthropod
community to soil characteristics and vineyard management in the Franciacorta viticultural area
(Lombardy, Italy). The diversity and co-occurrence patterns of different taxa were analysed in relation
to abiotic factors, such as soil temperature, soil moisture and soil chemical properties. Moreover,
the influence of vineyard management (conventional vs. organic) and the time of conversion from
conventional to organic on arthropod biodiversity was investigated.

2. Materials and Methods

2.1. Study Sites

This study was carried out in a major Italian winemaking area. Franciacorta is the most famous
Italian wine region for the production of sparkling wine using the champenoise method and is located
in the Lombardy Region (Figure 1). The zone covers a total area of 2615 ha (as of 2018) and hosts
117 wineries (as of 2019). This research collected a total of 100 soil samples from 100 different vineyards
over the period 2014–2018. Eighty-five per cent of samples were collected in spring (May or June) and
15% of samples in autumn (September, October or November). All the samples were characterised by
presence of arthropods and the chemical characteristics of soil.

In Figure 1, the location of each sampling site is shown.
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Figure 1. Map of the Franciacorta DOCG (Designation of Controlled and Guarantee Origin) winegrowing
area. The locations of vineyards where samples were collected are indicated with red dots.

Vineyard management systems were classified in two main groups: conventionally managed
vineyards without any specific environmental certification (conventional) and organic vineyards
managed in compliance with the European Regulation on organic farming (reg EC n. 2018/848 and
subsequent amendments and additions) (organic). For organic vineyards, we refer to the presence of this
certification that implies compliance with the provisions of the law. In addition to this, we have verified
a minimal set of conditions occurred in each farm monitored in organic farming. These actions refer
to: no use of synthetic chemicals for plant protection and for fertilizing the vineyard; the integration
of organic matter into the soil through the supply of organic matrices; the total absence of use of
herbicides and the management of the sub-row through mechanical intervention; the preservation
of the herbaceous covering on the ground; the minimum tillage adoption. Organic vineyards were
then further divided into three subgroups, on the basis of how long ago they had been converted from
conventional to organic farming: 3 years or less (organic ≤ 3), between 4 and 9 years (4 ≤ organic ≤ 9),
and 10 years or more (organic ≥ 10).

2.2. Environmental Variables

Soil moisture (SM) and soil temperature (ST) data for the Franciacorta area from 2014 to 2018
were obtained from the National Centers for Environmental Predictions [53]. These data were then
re-analysed using the Weather Research and Forecasting (WRF) simulations [54]. The WRF model
(version 4.02) was applied to a high spatial resolution grid (each cell of the grid representing a 2 × 2 km
area) to generate hourly data. In particular, the Noah scheme [55] has been used as land surface model
(LSM) scheme (i.e., Noah, Noah-MP, and CLM4) to assess detailed multi-layer soil moisture and soil
temperature. We focused on a depth of 0–15 cm below land surface. Each vineyard was associated
with the nearest grid node to allow extraction of the specific soil temperature and moisture values.

To assess the influence of environmental variables on the presence of soil arthropods, SM and ST
were evaluated for each vineyard in a 30-days reference period prior to the sampling date (Table A1).
Two thermal thresholds (STlow and STup) were considered to define two intervals of temperature.
These intervals characterise organisms that prefer lower temperature features (taxa occurring more
frequently in the interval [STlow, STup]) or higher temperature features (taxa occurring more frequently
when soil temperature is higher than STup). The lower threshold (STlow) was set at 10 ◦C and the upper
threshold (STup) was set at 20 ◦C [31] (p. 6). Soil temperatures lower than 10 ◦C were not included
since they can be considered to be below the lower development threshold for most taxa. Considering
STlow and STup, two variables related to soil temperature were calculated for the reference period
(720 h):

TL =
1
24

720∑

i=1

(STi − STlow), STlow ≤ STi < STup (1)
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TH =
1
24

720∑

i=1

(
STi − STup

)
, STi ≥ STup (2)

where STi is hourly soil temperature. TL is the daily cumulative soil temperature degrees exceeding
10 ◦C when STi is between 10 ◦C and 20 ◦C; TH is the daily cumulative soil temperature degrees
exceeding 20 ◦C when STi is greater than 20 ◦C.

A soil moisture threshold (SM) was defined to discriminate between organisms that prefer drier
conditions, i.e., taxa occurring more frequently when soil moisture ranges in the interval [0, SM],
or wetter conditions, i.e., taxa that more frequently occur when soil moisture is in the range [SM,1].
SM was set equal 0.35 (corresponding to 35%), which represents a reference value that can be associated,
in different ecological contexts, to a status that satisfies the requirements in terms of humidity of soil
arthropods [21,22]. Two variables associated with soil moisture were calculated for the reference period
(720 h):

MD =
1
24

720∑

i=1

|SMi − SM|, 0 ≤ SMi ≤ SM (3)

MH =
1
24

720∑

i=1

(SMi − SM), SMi > SM (4)

where SMi is the hourly soil moisture. MD is the daily sum of absolute deviations in soil moisture
values from the threshold value when SMi is lower than 0.35; MH is the daily cumulative soil moisture
exceeding 0.35, when SMi is higher than 0.35.

2.3. Chemical Characterisation of Soils

Chemical analysis of soils was performed according to the Italian regulation (DM 13 September
1999). Soil samples were taken at a depth of 0–15 cm and mixed homogeneously. Leaf litter was
excluded, as it is not part of the soil itself. The collected soil samples were air-dried, homogenized and
passed through a 2 mm sieve for chemical analysis.

Characterisation of the soil chemistry involved measuring soil texture (TXT), pH, active limestone
(expressed in g CaCO3/kg of soil) (AL), organic matter content (expressed in g/kg of soil) (SOM),
available phosphorus (mg P2O5/kg of soil) (P), available potassium (mg K2O/kg of soil) (K), available
magnesium (mg MgO/kg of soil) (Mg) and copper content (mg/kg) (Cu). Soil texture was classified
following the USDA soil texture triangle classification [56] (p. 125).

2.4. Soil Arthropods Identification

A cubic sample of soil (with a dimension of about 30 cm3) was collected at the same depth
described for chemical soil analysis, at each vineyard. Arthropods were extracted by placing the soil
sample in a Berlese–Tüllgren funnel under a 60 W incandescence bulb, leading soil arthropods to
migrate towards the damp part of the soil sample (away from the light). The soil arthropods fell
through the cavity, into a preserving solution (2/3 alcohol and 1/3 glycerol). Determination of biological
forms was carried out according to the QBS-ar (Soil Biological Quality-arthropod) method as proposed
by [57], and the definition of the taxonomic entities and the biological stages is in agreement with the
one reported in the same paper.

2.5. Data Analysis

2.5.1. Taxa Co-Occurrence Patterns

To measure soil arthropods biodiversity a taxa co-occurrence approach was used. For each
vineyard, a taxa presence profile was defined, i.e., a vector indicating the presence or absence of the
taxa in each vineyard. The presence profile did not consider population abundance. Based on the
presence profiles, vineyards and taxa were described in a J dimensional space (J is the number of taxa
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considered), allowing taxa to be ordered by their vineyard presence profiles. Two taxa are close to each
other if they share a similar pattern of co-occurrence in the vineyards, they are far from each other if
one is present in the vineyards where the other is absent and vice versa.

To allow easy visualisation and interpretation of dissimilarity in soil biodiversity and taxa
co-occurrence, it is useful to represent these profiles in a two-dimensional space, called an ordination
plane. Non-metric multidimensional scaling (NMDS) can be used to summarise information and
reduce the dimensionality of profiles [58]. By applying NMDS, vineyards and taxa can be ordered
by the dissimilarity of the presence profiles. Bray–Curtis dissimilarity [59], used extensively in the
ecological field, was adopted. NMDS analysis was performed using the metaMDS function of the
vegan package in R [60]. Loss of information due to a reduction in dimensionality is assessed by the
stress value, which refers to the disagreement between 2-D representation and original positions of
taxa in multidimensional space.

To test which environmental drivers (Cu, pH, AL, SOM, P, K, Mg, TL, TH, MD and MH) are
significantly correlated to the first two axes of the NMDS ordination plane, we applied the envfit
function of the vegan R package [60]. Each variable was correlated independently and plotted on the
plane as a vector. The direction of the vector represents the gradient direction of the environmental
driver, while the length of the vector is proportional to the correlation of the ordination system and the
environmental driver.

Taxa were grouped into clusters as homogeneous as possible in terms of co-occurrence patterns,
based on taxa ordination results [59]. To perform hierarchical cluster analysis, the hclust function of R
software [61] was applied.

2.5.2. Vineyard Management Impact

To assess the impact of vineyard management on the biodiversity of soil biota, decision tree analysis
was performed. The number of taxa present in each soil sample was considered as a measurement of
edaphic biodiversity, and three categories of soil biodiversity were defined: ‘low’ when the number of
taxa was lower or equal to 4, ‘medium’ when the number of taxa in the soil sample was between 5 and
8, and ‘high’ when the number of taxa was greater than 8. A classification decision tree allowed to split
the soil samples into homogeneous groups according to edaphic biodiversity based on the different
vineyard management classes. Recursive partitioning and regression tree (RPART) analysis were
performed by applying the rpart package of R software [62]. The fitting of the model was investigated
using the accuracy index that corresponds to the percentage of cases correctly classified.

3. Results

3.1. Descriptive Analysis

3.1.1. Environmental and Vineyard Management Variables

The descriptive statistics for environmental variables included in the full model are shown in
Table 1.

Seven types of soil texture were considered: clay, clay loam, silty clay loam, sandy clay loam,
loam, silt loam and sandy loam.

Vineyard management was categorised into four classes: conventional management (7% of the
sample), vineyards converted to organic farming in the last three years (45% of the sample), vineyards
converted between 4 and 9 years ago (31% of the sample), and vineyards converted at least 10 years
ago (17% of the sample).
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Table 1. Descriptive statistics of continuous variables (soil characteristics and environmental drivers)
included in the analysis.

Unit of
Measure

Mean ± Standard
Deviation

Median (Q25–Q75) Min Max

Cu (mg/kg) 58.68 ± 32.81 55.40 (36.9–72.2) 4.20 170.00
pH 7.10 ± 0.87 7.30 (6.35–7.9) 5.30 8.20
AL (g CaCO3/kg) 10.16 ± 22.62 0.00 (0.00–13.50) 0.00 130.00

SOM 1 (g/kg) 21.94 ± 9.08 23.00 (15.00–25.00) 5.00 42.00
P (mg P2O5/kg) 54.47 ± 40.20 51.00 (26.00–64.00) 9.00 222.00
K (mg K2O/kg) 148.52 ± 67.53 145.00 (94.00–178.00) 60.00 354.00

Mg (mg MgO/kg) 165.75 ± 75.37 138.00 (117.00–210.00) 66.00 383.00
TL 2 ◦C 68.76 ± 44.90 69.75 (33.67–104.39) 0.00 161.46
TH 3 ◦C 106.05 ± 59.06 121.76 (55.73–153.38) 14.20 241.77
MD 4 Pure number 10.39 ± 26.03 5.16 (1.51–7.88) 0.00 135.53
MH 5 Pure number 0.11 ± 0.20 0.00 (0.00–0.156) 0.00 0.63

1 SOM: soil organic matter. 2 TL: daily cumulative soil temperature exceeding 10 ◦C when soil temperature is
between 10 and 20 ◦C. 3 TH: daily cumulative soil temperature exceeding 20 ◦C when soil temperature is higher than
20 ◦C. 4 MD: daily sum of absolute deviations in soil moisture when soil moisture is lower than 0.35. 5 MH: daily
cumulative soil moisture exceeding 0.35 when soil moisture is higher than 0.35.

3.1.2. Taxa Identification

A total of 19 taxa were identified in the soil samples. In case of Diptera and Coleoptera,
the biological stage of larvae were also detected (Table 2).

Collembola, Acari and Hymenoptera recorded the highest frequency of presence in the soil
samples analysed. Collembola and Acari were reported in 89 of the 100 vineyards, Hymenoptera in
80 vineyards. The lowest frequency of occurrence was recorded for Psocoptera, Thysanoptera and
Isopoda (8/100, 7/100, 6/100 respectively).

Table 2. Distribution of taxa according to stages considered in the analysis and presence (i.e., number
of soil samples in which the taxon has been identified).

Taxa Larvae N◦ of Presences Other Stages 1 N◦ of Presences

Acari x 89
Myriapoda—Diplopoda x 12
Myriapoda—Chilopoda x 17
Myriapoda—Symphyla x 56
Myriapoda—Pauropoda x 32

Hymenoptera x 80
Thysanoptera x 7

Pseudoscorpionida x 11
Psocoptera x 8
Coleoptera x 31

Coleoptera larvae x 39
Collembola x 89

Diptera x 31
Diptera larvae x 32

Protura x 25
Diplura x 27

Hemiptera x 12
Isopoda x 6

Other_holometabolous 2 x 20
1 Other stages include all forms that produce active participation in soil cycles (e.g., pupae are excluded). In the
case of the ‘Other_holometabolous’ taxon, the pupal stage is also included. 2 Other_holometabolous taxa include
Mecoptera, Neuroptera and Raphidioptera orders in agreement with QBS-ar (Soil Biological Quality-arthropod)
method [57].
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3.2. Co-Occurrence Pattern Identification

Taxa dispersion in the non-metric multidimensional scaling plane is shown in Figure 2. Taxa were
ordered according to their co-occurrence profiles. Neighbouring taxa in the plane were characterised
by the presence in the same vineyards (e.g., Collembola and Coleoptera larvae, Psocoptera and
Pseudoscorpionida); the more distant are two taxa, greater is the difference in terms of their presence
in the vineyards (e.g., Diptera and Psocoptera, Acari and Pauropoda). The stress value estimated for
the model was equal to 0.2, indicating the model has good ability to predict data in the reduced space.

The results of analysis of the correlation between environmental drivers and the NMDS plane are
shown in Figure 2.

Figure 2. Results of non-metric multidimensional (NMDS) analysis: dispersion of taxa (red points)
according to their co-occurrence profiles (NMDS1 and NMDS2 are the two axes of the ordination
plane). Blue arrows refer to the correlation of environmental drivers and soil characteristics with
NMDS ordination pattern (solid line  p-value < 0.5, dashed line pp-value < 0.1, dotted line

p-value < 0.15). The five clusters of taxa according their presence pattern are highlighted with the
green circles.

p-Values of the correlation coefficients were used to discriminate the intensity of the relationship
between environmental drivers and the taxa ordering system (Table 3): strong correlation for SOM,
TL, TH and MH (p-value < 0.05); medium intensity correlation for pH (p-value < 0.1); low intensity
correlation for MD (p-value < 0.15). The other environmental drivers were not significantly correlated
with the first two axes of the NMDS system.

The results obtained from NMDS and cluster analysis (Figure 3) allowed the taxa to be divided into
five groups according to their co-occurrence pattern. The five clusters shown in the cluster dendrogram
correspond to the clusters identified by the green circles in the NMDS plane (Figure 2).

Group A included the largest number of taxa and specifically the Pseudoscorpionida, Psocoptera,
Protura, Diplura Chilopoda, Symphyla and Pauropoda. Group B was made up of Diptera, Hemiptera
and Isopoda taxa, while the larval form of Diptera was located in group D, together with Coleoptera,
both as larvae and other biologic forms, and Collembola. The Acari, Hymenoptera, Thysanoptera
and Diplopoda taxa made up group C. Group E is only represented by the taxa defined as
‘Other_holometabolous’.
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Table 3. Correlation analysis of environmental drivers and soil characteristics with NMDS ordination pattern.

Variable Squared Correlation Coefficient p-Value 6 of Correlation Coefficient

Cu 0.05 0.17
pH 0.06 0.09 **
AL 0.02 0.48

SOM 1 0.08 0.05 ***
P 0.02 0.43
K 0.01 0.66

Mg 0.01 0.64
TL 2 0.08 0.04 ***
TH 3 0.15 0.01 ***
MD 4 0.05 0.15 *
MH 5 0.12 0.01 ***
TXT 0.04 0.83

1 SOM: soil organic matter. 2 TL: daily cumulative soil temperature exceeding 10 ◦C when soil temperature is
between 10 and 20 ◦C. 3 TH: daily cumulative soil temperature exceeding 20 ◦C when soil temperature is higher than
20 ◦C. 4 MD: daily sum of absolute deviations in soil moisture when soil moisture is lower than 0.35. 5 MH: daily
cumulative soil moisture exceeding 0.35, when soil moisture is higher than 0.35. 6 * p-value < 0.15, ** p-value < 0.1,
*** p-value < 0.05.

Figure 3. Dendrogram of hierarchical cluster analysis of taxa based on NMDS results. The five clusters
are highlighted in green.

3.3. Vineyard Management

The results of the classification tree showed that variable vineyard management could be useful
for discriminating different categories of soil biodiversity. In particular, the analysis of the tree shown
in Figure 4 showed that conventionally managed vineyards were associated with a low level of
biodiversity, vineyards that had adopted organic management for a maximum of three years were
associated with a medium level of biodiversity, and vineyards that had adopted organic management
for at least four years were associated with a high level of biodiversity.

The accuracy index showed a good fit of the model as 57% of cases was correctly classified.
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Figure 4. Classification decision tree of soil samples to predict soil biodiversity according to vineyard
management. The predicted level of soil biodiversity (low, medium, high) is reported in the squared
box, together with the percentage of soil samples included in that node. The paths from the initial box
(with 100% of cases) to the final boxes represent the classification rules.

4. Discussion and Conclusions

The results obtained in this study allowed to identify the co-occurrence pattern for 19 taxa of
soil arthropods on the basis of a 5-year investigation carried out in the Franciacorta viticultural area
(Lombardy, Italy). The NMDS showed significant relationships between investigated soil arthropod
taxa and soil moisture (MD and MH), soil temperature (TL, TH), soil organic matter (SOM) and pH.
The decision tree showed an increased taxa diversity in relation to organic vineyard management and
to the increase of time period of conversion from conventional to organic management.

In line with the expectations, Collembola and Acari were the most frequent of the 19 taxa identified,
confirming that they are the most present groups of arthropods in soil [36,47,51]. The high level of
presence of Hymenoptera recorded in our analysis is in agreement with other studies carried out in
different agricultural contexts and reporting a significant presence of this taxon, mostly represented by
Formicidae, in vineyard soils [63].

Based on taxa co-occurrence patterns, identified through NMDS analysis, five groups were found.
Moreover, NMDS analysis made it possible to explore the relationship between soil abiotic variables
and the aggregation of arthropod taxa in groups. In particular, the results obtained from our study
pointed out that presence patterns characterising group A showed only one significant correlation
(p-value < 0.15) with low soil moisture (MD). This result is compatible with the hypothesis that the
taxa included in group A were relatively less dependent on high humidity values. The taxa in group B
and the Coleoptera and Diptera larvae taxa (group D) were associated with higher pH (p-value < 0.1)
and higher soil temperatures (TH) (p-value < 0.05), in line with the possible thermophilic habit of some
representatives of these taxa [22,31,64]. The relationship with a higher pH level is more evident for
the Isopoda and this is in agreement with van Straalen [11], who underlined weakly alkaliphilous or
sub-neutral behaviour for some species of Isopoda. The detected ubiquitous presence of Collembola
(group D) could be partially explained by the significant variability of responses to soil temperature,
moisture and chemical properties of the different species of this taxon. In particular, the effect of
soil moisture on Collembola has been documented by different authors [25,65], while species-specific
responses have been reported [21]. Furthermore, Heiniger et al. [66] highlight that the role of
microclimate for Collembola could be less important for their distribution than the role of trophic
resources and competition. The presence of taxa in groups C and E is mostly determined by soil organic
matter (SOM), soil moisture value higher than threshold level of 0.35 (MH) and lower temperature
(TL) (p-values < 0.05). The relationship with SOM can be related to the involvement of these taxa in
the soil food webs that starts from decomposition of dead organic matter generated by the activity of
bacteria and fungi [32]. Diplopoda (Millipedes) are involved in SOM degradation, as their feeding
activity is focused on dead organic matter [35,67]. A significant influence of soil nitrogen on species
richness and biodiversity has been observed for this taxon [68], while Hymenoptera are involved in
the decomposition of organic substances [35]. In relation to the positive response of group C to soil
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moisture increase, some authors have underlined that soil water availability is an important factor
controlling presence of mites (Acari) [69]. Other authors have showed that Oribatid mites (Acari:
Oribatida) are positively influenced by soil temperature [27] and that their distribution is dependent
on soil moisture [35]. The relationship observed between group E and soil moisture can be related for
Mecoptera (included in Other holometabolous taxon) with data reported for pre-imaginal stages of
this order which develop in the soil and showed preference for high soil moisture [70].

The co-occurrence pattern of the taxa identified in our study is in line with similar pattern reported
in the literature. Taxa co-occurrence in group B agrees with the results in [71] that confirmed Diptera
and Isopoda co-existence in some specific habitats. Acari and Hymenoptera (group C) have also
been grouped together by other authors [41]. The composition of groups A and C suggests that the
co-occurrence pattern can also be influenced by biotic relationships among taxa. According to Eisenbeis
and Wichard [31] (p. 192), the trophic niche of Diplura includes Symphyla, while Weygoldt [72]
noted that Pseudoscorpionida feed on different orders of small soil arthropods, including Psocoptera.
All these associations support the taxa co-occurrence in group A. Similarly, Coleoptera contain taxa
(e.g., Carabid beetle) that have been described as predators of Collembola [73]. This association is in
line with the co-occurrence of these two taxa in group D.

The results obtained analysing the role of vineyard management on soil arthropods diversity
allows to identify an increase of taxa diversity in relation to organic vineyard management. This is
consistent with previous studies, which reported a general increase of arthropod biodiversity [48] and
arthropod abundance [47] associated to organic vineyard management. This effect was evident even
before a 3-year period after conversion. The effect on arthropod biodiversity markedly increases with
the length of the period since organic farming adoption.

The results obtained in this study provide additional knowledge supporting the interpretation
of diversity and co-occurrence patterns in soil Arthropoda in vineyard. The importance of abiotic
variables together with the interpretation of the possible role of biotic relationship among taxa have
been explored in the specific geographic context of the Franciacorta viticultural area. Furthermore,
our study confirmed the effect of organic vineyard management in increasing arthropod taxa diversity
and, most importantly, it showed the critical role of the time of conversion from conventional to organic
farming in increasing arthropod biodiversity. Further experiments are needed to extend these results
to other viticultural contexts.
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Appendix A

Table A1. Average values of soil temperature (ST ◦C) and soil moisture (SM measured in the interval
0–1) of the 30-days reference period prior to the sampling date for each site.

ID Field Date ST SM ID Field Date ST SM

1 14 May 20.20 0.087 51 15 June 24.90 0.299
2 14 May 20.21 0.090 52 15 June 24.61 0.221
3 14 May 19.65 0.085 53 15 June 24.85 0.227
4 14 May 19.72 0.091 54 15 June 24.54 0.244
5 14 May 20.27 0.106 55 15 June 26.14 0.225
6 14 May 20.31 0.082 56 15 June 25.21 0.226
7 14 May 20.28 0.082 57 15 June 25.21 0.225
8 14 May 20.19 0.088 58 15 June 25.97 0.223
9 14 May 20.18 0.086 59 15 June 25.97 0.222
10 14 May 20.28 0.087 60 16 June 21.71 0.340
11 14 May 20.29 0.084 61 16 June 21.71 0.341
12 14 May 20.70 0.100 62 16 June 21.71 0.340
13 14 May 20.71 0.103 63 16 June 21.71 0.339
14 14 May 20.52 0.101 64 16 June 25.75 0.370
15 14 May 20.52 0.102 65 16 June 25.76 0.370
16 14 May 19.26 0.128 66 16 June 20.29 0.344
17 14 May 19.26 0.127 67 16 June 26.05 0.369
18 14 May 19.22 0.145 68 16 June 25.75 0.370
19 14 May 19.53 0.121 69 16 June 26.05 0.369
20 14 May 19.44 0.120 70 16 June 26.05 0.369
21 14 May 19.58 0.122 71 16 June 25.75 0.370
22 14 May 20.52 0.100 72 16 June 26.02 0.369
23 14 May 20.52 0.100 73 16 June 20.29 0.344
24 14 May 20.52 0.099 74 16 June 26.05 0.369
25 14 May 19.63 0.087 75 16 June 26.56 0.370
26 14 May 20.17 0.087 76 16 June 20.29 0.344
27 14 May 20.17 0.088 77 16 June 26.04 0.369
28 14 September 23.47 0.190 78 16 June 21.54 0.337
29 14 September 23.58 0.325 79 16 June 25.14 0.371
30 14 September 24.56 0.188 80 16 June 21.38 0.326
31 14 September 24.56 0.185 81 16 June 18.98 0.352
32 15 May 18.70 0.353 82 16 June 18.98 0.350
33 15 May 19.97 0.336 83 16 June 18.98 0.352
34 15 June 22.98 0.361 84 16 June 18.98 0.354
35 15 June 22.98 0.345 85 16 June 18.98 0.352
36 15 June 22.92 0.361 86 16 June 18.98 0.351
37 15 June 24.74 0.230 87 17 September 27.97 0.349
38 15 June 24.74 0.228 88 17 September 27.84 0.349
39 15 June 25.02 0.300 89 17 September 22.95 0.353
40 15 June 23.89 0.275 90 17 September 21.67 0.164
41 15 June 24.74 0.176 91 17 September 21.67 0.162
42 15 June 24.70 0.178 92 17 September 21.67 0.159
43 15 June 24.70 0.177 93 17 September 25.84 0.339
44 15 June 24.75 0.165 94 17 September 25.84 0.340
45 15 June 25.08 0.299 95 17 September 21.67 0.162
46 15 June 24.90 0.302 96 17 September 25.84 0.340
47 15 June 24.14 0.336 97 17 September 25.84 0.340
48 15 June 24.13 0.338 98 18 June 24.37 0.323
49 15 June 24.14 0.344 99 18 June 24.37 0.322
50 15 June 24.11 0.334 100 18 June 24.37 0.323
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Abstract: The intensification of agriculture has led to the reduction of the diversity of arthropods in
agroecosystems, including that of ground-dwelling species. The aim of our work was to assess the
effect of a sown cover crop on the diversity of ground-dwelling arthropods, including key predators
for pest control in pear orchards. The trial was carried out in a pear orchard divided in three blocks;
two treatments (cover-cropping and control) were implemented in each block. A seed mixture
of 10 plant species was used in the plots with the sown cover. The densities of ground-dwelling
arthropods were sampled using pitfall traps. The ground cover had a significant impact on the
diversity and abundance of arthropods. The Shannon–Wiener diversity index was significantly higher
for the cover than for the control plots. Several families of spiders (Linyphiidae, Lycosidae), beetles
(Carabidae, Staphylinidae) and hymenopterans (Scelionidae) were significantly more abundant in
the cover-sown plots. Ants and collembola had a significantly higher abundance in the control
plots. Some of these groups arthropods (ants and spiders), are represented by species that may
commute between ground and pear trees, having an impact on pest control. The use of cover crops is
encouraged to enhance biodiversity in farmlands.

Keywords: ground-dwelling arthropods; pitfall traps; cover crops; ecosystem services; natural
enemies; pear pests; biological control

1. Introduction

Biodiversity is currently experiencing one of the greatest known regressions since the beginning of
life on Earth [1–3]. Under the current scenario, it is predicted that about 20% of all species will be lost
in the next three decades [1,4]. Changes in land use and cover are currently considered the single-most
acute factor threatening biodiversity worldwide, since native diversity depends on the structural and
compositional diversity of habitats [5]. Among these changes, the conversion of natural ecosystems
such as forests or grasslands to agriculture is considered to make a particularly high contribution [6].
Croplands and pastures are today one of the largest terrestrial biomes, occupying approximately 40%
of the land surface on the planet [3]. In addition, the intensification of modern agriculture has resulted
in the simplification of agricultural landscapes [7–9]. Habitat loss and fragmentation, combined
with high inputs of pesticides, are nowadays considered the main causes of the worldwide loss of
biodiversity [10–12].

Soil is one of the most species-rich habitats of terrestrial ecosystems [13–15]. According to diverse
estimates, the soil fauna represents approximately 23% of all described organisms, with arthropods
representing 85% of the species present in the soil fauna [16]. The arthropods that live on the soil surface
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(‘ground-dwelling arthropods’) also constitute an important part of the biodiversity of most terrestrial
ecosystems [17,18]. The wide diversity of ground-dwelling arthropods includes several taxa that
have a major presence in most of the surveys conducted in different ecosystems, such as Myriapoda,
Collembola, Coleoptera (mainly carabids and staphylinids), Acari, Araneae and Formicidae [18–22].
Epigeic arthropods encompass a broad range of trophic guilds and ecological roles, thus influencing
ecosystem function [17,18]. Many species of ground-dwelling arthropods do not spend their entire life
on the soil surface, but commute between the ground and the aerial part of plants [13]. This is the case
for many species of various groups of major predators, such as ants or spiders, which are ubiquitous
in terrestrial ecosystems and essential to regulate the abundance of herbivores on plants [13,23].
Furthermore, many exclusively ground-dwelling arthropods may influence the population dynamics of
aerial herbivores through cascading effects produced by “top-down” regulation processes, due to their
interaction with commuting species [24–26]. For example, some carabids are known to feed on other
predators of both the ground layer and the plant foliage, such as spiders, affecting their abundance via
intraguild predation (IGP) and, consequently, the regulation of plant pest populations [27–29].

Common agricultural practices such as ploughing, the elimination of ruderal plants, and the use
of fertilisers modify the conditions of soils and have a great impact on the diversity and abundance of
epigeal arthropods, including many species that play a key role in the regulation of plant pests [30–33].
The relevance of biodiversity for the functioning of ecosystem processes together with the pivotal role
that it plays in providing ecosystem services to humans makes it essential to plan conservation strategies
to reverse the loss of species [5,34,35]. Biodiversity losses are associated with several key problems
affecting the sustainability of farming systems, such as limited soil genesis and fertility, pollination,
and pest control [36,37]. Because of the great extension of the Earth devoted to farming, conservation
strategies aiming to increase the complexity of agricultural landscapes are expected to highly contribute
to the maintenance of worldwide biodiversity and to the provision of ecosystem services [12]. Floral
strips and cover crops are some of the agroecological practices used most frequently to enhance
habitats of pollinating insects and natural enemies in environmentally degraded farmlands [3,34,38,39].
Green infrastructures are known to provide the missing habitat requirements for natural enemies
(food resources, shelters, refuges, etc.), allowing them to overcome the disturbances derived from
agricultural practices [40,41].

Fruit tree orchards may benefit from the adoption of agroecological practices, especially in simple
landscapes. Orchards represent around 2% of the agricultural land utilised in the European Union
(EU), with more than 3.4 million ha dedicated to fruit growing. Pears are one of the most important
fruit crops in the EU. In 2018, more than 116,000 ha were devoted to pear production [42]. Therefore,
increasing plant diversity in fruit tree orchards is expected to enhance biodiversity at a global scale,
with a likely positive impact on ecosystem services such as pest control. A significantly higher
abundance of natural enemies and improved pest control have been registered in fruit tree orchards
with cover crops [39,43–45]. Pest control in pear orchards has traditionally relied on chemicals, but
due to the restriction in the application of insecticides and the development of resistances, integrated
pest management (IPM) has become the most-sustainable alternative [46–48]. Pear orchards with
limited use of pesticides can be inhabited by a rich community of arthropods, which includes many
natural enemies such as anthocorids, mirids, ants, and spiders that contribute to the regulation of the
populations of herbivorous species [49–53]. In some parts of the Mediterranean area, ants (namely,
Lasius grandis Forel, Hymenoptera: Formicidae) have been reported to be the key predator for the
control of the pear psyllid [52,53]. This ant species spends the main part of its life cycle in the soil or on
the soil surface; thus, its abundance and foraging activity may be greatly influenced by agricultural
practices that modify soil conditions. Little information is available on the effect of cover crops on
ground-dwelling invertebrates, especially the main groups of generalist predators [45].

Pear orchards are currently managed in a very intensive way, with the alleys between the lines of
trees and the area surrounding the crop kept free from ruderal plants by ploughing or the regular use of
herbicides. This way of farming is expected to have a high impact on the local diversity of arthropods,
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including some of the species that play a key role in the regulation of pests. Therefore, the aim of our
study was to investigate how cover crops influence the diversity and abundance of ground-dwelling
arthropods in a pear orchard. Predators that commute between the soil surface and the canopy of pear
trees (e.g., ants and spiders) were of particular interest because of their likely impact on pest control.

2. Materials and Methods

2.1. Experimental Design

The present study was carried out in an organic pear orchard of approximately 5 ha (450 m-long,
110 m-wide) located near the locality of Jumilla (Murcia Province, 38◦23′56” N, 001◦23′19” W) in
Southeastern Spain, during the spring of 2019. The effect of cover crops on the diversity and abundance
of ground-dwelling arthropods was tested in a randomised block design experiment with three
replicates of two treatments (i.e., cover crops and bare soil, Figure 1). The pear orchard had 26 lines of
540 trees each, with trees trained in trellises, the separation being 4 m between lines and 0.8 m between
trees within lines. The orchard was divided in three blocks of approximately 1.6 hectares each. In each
block, two plots, each 80 m-long and 20 m-wide (five lines of pear trees), separated by at least 4 lines
of pear trees, were established. The two treatments were assigned randomly, one of the two plots of
each of the three blocks being sown with a mixture of herbaceous plants, while the other maintained
free from ruderal plants by periodical cuttings (every 2–3 weeks) and tillage. The mixture of seeds
included the following herbaceous plants: Borago officinalis L., Coriandrum sativum L., Calendula arvensis
L., Calendula officinalis L., Diplotaxis erucoides (L) DC., Echium vulgare L., Hordeum vulgare L., Medicago
sativa L., Phacelia tanacetifolia Benth and Vicia faba L. These plant species were chosen with the aim of
providing plentiful floral resources for beneficial arthropods and alternative prey/hosts for natural
enemies and for improving soil fertility [54,55]. The pear trees were watered by above-ground drip
irrigation twice a week; in addition, the sown plots were irrigated once a week by sprinklers to enhance
the growth of the cover in the central part of the alleys between the lines of trees.

 

Figure 1. Example of the ground cover in the two treatments: the sown cover (A) and the control (B).

2.2. Sampling

The plots were monitored periodically in order to determine the effect of the sown cover on
the structure of the community of ground-dwelling arthropods. The diversity and abundance of
ground-dwelling arthropods were estimated using pitfall traps. Each trap consisted of a 500 mL plastic
container (8 cm in diameter) partially filled with a mixture of water (94%), propylene glycol (5%) and
soap (1%) and placed in the soil with its opening level with the soil surface. Three traps were set up in
each of the two plots (i.e., cover and control) of each block; the traps were placed diagonally across the
middle of the three central alleys of each plot. The traps were kept in the field for seven days, and then
the specimens were collected and preserved in 70% alcohol for their identification. The samples were
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collected on 24 April, 13 May, 28 May and 11 June 2019. This period was chosen both because it is
favourable for the development of the cover and because it is characterised by a high activity of insects
and spiders [51,52]. The summer months in southern Spain are very arid, and plant covers dry out.
The plots were sampled every two weeks because it was known from previous studies that the density
of insects changes very little between two consecutive weeks [51,52].

The specimens collected were observed under a stereomicroscope and identified to the species
level, whenever possible. When the identification to the species level was not possible, the specimens
were assigned to morphospecies based on easily observable morphological characters [56]. The
specimens were identified following the keys of Martínez et al. [57] for ants, Goulet and Huber [58] for
other Hymenopterans, Nentwig et al. [59] for spiders and Salgado et al. [60] for beetles. The reference
collection of voucher specimens is held by the IMIDA (Instituto Murciano de Investigación y Desarrollo
Agrario y Alimentario).

The proportion of ground covered by vegetation for each plot was estimated by taking one
high-resolution photograph, framing a 1 × 1 m plastic stick square, in each of the three alleys
where pitfall traps were placed (i.e., 18 pictures per sampling date). The pictures were subdivided
in 100 quadrants (10 cm × 10 cm), and the presence/absence of vegetation in each quadrant was
scored. The GIMP v2.8.14 software (Free Software Foundation, Boston, MA, USA) was used for
image processing.

2.3. Data Analysis

Generalised linear mixed-effects models (GLMM), run with the “lmer” function (“lme4” package)
for normally distributed data, were used to compare the proportion of ground cover between the plots
with and without the sown cover [61]; block and date of sampling were introduced in the models as
random factors.

To test for the effect of ground cover, only the species that live on the ground or that spend part of
their lives on the ground were considered in this study. The following taxa were included: Collembola,
four families of Coleoptera (Anthicidae, Tenebrionidae, Carabidae and Staphylinidae), four families of
Araneae (Gnaphosidae, Zodariidae, Lycosidae and Linyphiidae) and two families of Hymenoptera
(Formicidae and Scelionidae).

The richness of species/morphospecies and the Shannon–Wiener diversity index were used to test
for the effect of ground cover on the diversity of ground-dwelling arthropods. The effect of sown cover
on the number of species/morphospecies of ants, spiders and beetles was estimated using GLMM run
with the function “glmmPQL” (library “MASS”) set for normal distributed data, i.e., family = gaussian
(link = ”identity”), in R [62]. Block and date of sampling were introduced in the models as random
factors. The same procedure was used to estimate the effect of the sown cover on the Shannon–Wiener
diversity index. The diversity index was calculated for each sampling date using the total number of
captures of each of the species/morphospecies of the above-mentioned families, with the “diversity”
function in the “vegan” package in R [62]. The χ2- and p-values were obtained using the “Anova”
function in the R “car” package [62].

The assemblages of ground-dwelling arthropods were compared between the plots with cover and
the controls by PERMANOVA, using the function “adonis”, the Euclidean distances being calculated
with the “vegdist” function; these two functions are available in the “vegan” package in R [62]. The
number of specimens (i.e., the sum of the three pitfall traps in each plot) of the abovementioned families
of ground-dwelling arthropods collected on each sampling date were introduced in the models as
dependent variables. Redundancy analyses (RDA) were applied to find out how samples clustered in
relation to the presence/absence of the sown cover. The function “rda” in the “vegan” package was
used to perform RDA on the number of ground-dwelling arthropods of the different families collected
in the plots with the sown cover and the control plots on each sampling date; the captures of the three
pitfall traps for each plot and sampling date were summed for every family of arthropods.
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To determine the contribution of the abundance of every family of ground-dwelling arthropods
—as a dependent variable—to the differences between the plots with cover and the controls—type of
cover as fixed factor–GLMM were used. The “lmer” function (“lme4” package) was used to perform
these analyses [61]; block and date of sampling were introduced in the models as random factors. For
all the families, the numbers of captures were transformed by the natural logarithm of (x + 1) to correct
the deviation of the data from normality. The χ2- and p-values were obtained as explained above.

3. Results

3.1. Ground Cover and Diversity of Ground-Dwelling Arthropods

The proportion of ground covered with vegetation was significantly higher in the plots sown with
the mixture of seeds than in the control plots (χ2 = 61.38, df = 1, p < 0.001). The ground of the sown
cover plots was almost entirely covered with vegetation during the whole sampling period, while
in the control plots, the proportion of cover was very low on the first sampling date (0.143 ± 0.029),
increasing to 0.718 ± 0.067 at the end of the experiment.

Along this study, a total of 25,139 arthropods were captured in the pitfall traps, with Collembola
representing most of the captures (79.7%) (Supplementary Material, Table S1). Excluding Collembola,
the most abundant arthropods collected in the pitfall traps were ants (76.0%), followed by Coleoptera
(13.8%), spiders (8.1%) and scelionids (2.1%).

The richness of ground-dwelling species in cover and control plots varied in the different orders
of arthropods (Figure 2A). Hymenopterans were mainly represented by ant species (Supplementary
Material, Table S1), and their richness was significantly lower in the plots with cover than in the
controls (χ2 = 3.91, df = 1, p = 0.048). The number of species of hymenopterans collected in the pitfall
traps experienced little variation, the highest values being registered at the end of the experiment, in
both the cover (3.7 ± 0.3, mean ± SE) and the control plots (5.0 ± 0.0). In contrast, the richness of spiders
was significantly higher with a sown cover than in the control plots (χ2 = 17.79, df = 1, p < 0.001). In the
cover plots, the number of species of spiders was the lowest (2.7 ± 0.7) in the first week of sampling and
reached its maximum (7.3 ± 0.9) at the beginning of May. In the control plots, the lowest (1.3 ± 0.9) and
highest (5.0 ± 0.6) numbers of spiders were registered at the end of April and May, respectively. In the
same way, the richness of beetles was also significantly higher in the grounds with a sown cover than
in the control plots (χ2 = 16.65, df = 1, p < 0.001). The trend in the number of species of beetles was very
similar to that of spiders (Figure 2A). In the cover plots, the lowest (3.3 ± 0.7) and highest (7.0 ± 1.2)
values were registered at the end of April and May, respectively. In the control plots, the numbers
of species of beetles increased progressively from the beginning until the end of the study, ranging
between 3.3 ± 0.7 and 4.3 ± 0.3. No distinction among species/morphospecies was made in springtails.

The Shannon–Wiener diversity index of ground-dwelling arthropods was significantly higher in
the plots with a sown cover than in the control plots (χ2 = 25.52, df = 1, p < 0.001) (Figure 2B). The
plots with cover showed a progressive increase in the Shannon–Wiener diversity index throughout the
period of study, reaching the highest value at the end of the study in June (2.04 ± 0.13). In the control
plots, the diversity index varied little among the sampling dates, reaching its lowest value at the end of
May (0.77 ± 0.16); thereafter, it increased until June (1.20 ± 0.16).

3.2. Structure of the Assemblages of Ground-Dwelling Arthropods in Pear Orchards

The plots with and without the sown cover differed in their assemblages of ground-dwelling
arthropods (PERMANOVA, F = 2.44, df = 1, 22, p = 0.030). In the RDA analysis, practically all the
samples from the plots with the sown cover clustered on the positive side of the first component of
RDA, while the samples from the control plots grouped on the negative side (Figure 3). The first
constrained axis (RDA1) explained 16.5% of the variance in relation to cover (F = 4.35, df. 1, 22,
p < 0.001). Carabidae, Linyphiidae, Staphylinidae and Lycosidae were the families of arthropods
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with the highest correlation in relation to cover. In contrast, Collembola and Formicidae were highly
correlated with plots without sown cover (Figure 3).

Figure 2. (A) Richness of hymenopterans, spiders and beetles; (B) Shannon–Wiener index in the plots
with a sown cover and in the control plots (mean ± SE).

The abundance of most of the families of arthropods collected in the pitfall traps, with the
exception of some Araneae (i.e., Gnaphosidae and Zodariidae) and Coleoptera (i.e., Anthicidae and
Tenebrionidae), differed significantly between the plots with cover and the controls (Table 1). Ants
were represented by polyphagous species that may potentially commute between the ground and the
aerial part of pear trees. L. grandis was the most abundant ant species (61.7%), followed by Tetramorium
spp. (28.9%) and other minor species (<5%) such as Formica spp., Cataglyphis spp., Cardiocondyla spp.
and Solenopsis spp. (Supplementary Material, Table S1). Ant numbers peaked in the plots with a cover
in mid-May (176.3 ± 26.7, mean of the total number of individuals collected per plot ± SE) and in the
control plots at the end of May (316.0 ± 36.1) (Figure 4).
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Figure 3. Plot of the first constrained ordination axis (RDA1) versus the first unconstrained axis (PC1)
on the redundancy analyses (RDA) of samples of ground-dwelling arthropods collected in plots with
(green circles) and without (blue squares) a sown cover.

Table 1. Coefficients and statistics of the generalised linear mixed effects models (GLMM) to test for
the effect of the cover crop on the abundance of the main groups of ground-dwelling arthropods. χ2 =

Chi square; df = degrees of freedom.

Order Family Coefficient χ2 df p

Hymenoptera Formicidae −0.664 24.032 1 <0.001
Scelionidae 0.710 5.161 1 0.023

Araneae Gnaphosidae −0.227 0.720 1 0.396
Linyphiidae 0.674 9.705 1 0.002
Lycosidae 1.799 67.751 1 <0.001
Zodariidae −0.010 0.002 1 0.970

Coleoptera Anthicidae 0.144 0.336 1 0.562
Carabidae 2.058 43.180 1 <0.001

Staphylinidae 0.806 6.008 1 0.014
Tenebrionidae 0.097 0.071 1 0.790

Collembola - −0.650 10.063 1 0.002

In the case of spiders, most of the families collected in the pitfall traps (i.e., Gnaphosidae, Lycosidae
and Zodariidae) forage on the ground, while Linyphiidae are also found on the canopy. The most
abundant family of spiders was Lycosidae (45.6%), followed by Gnaphosidae (27.0%), Zodariidae
(15.5%) and Linyphiidae (11.8%). The highest number of spiders collected belonged to Pardosa spp.
(39.4% of the captures), Micaria spp. (19.3%) and Zodarion spp. (15.5%) (Supplementary Material, Table
S1). The abundance of Lycosidae and Linyphiidae was significantly higher in the cover plots than in the
control plots (Table 1). In the plots with a sown cover, the abundances of these two families gradually
increased until the end of May, when lycosids reached the highest values recorded among the spiders
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(26.0 ± 4.0); the linyphiids reached a much lower peak (7.0 ± 2.7) (Figure 4). In the control plots, the
abundances of lycosids and linyphiids were very low. In contrast, the abundances of Gnaphosidae
and Zodariidae did not differ significantly between the two treatments (Table 1), with very similar
numbers of specimens captured in both types of plot along the study (Supplementary Material, Table
S1). These two families peaked at different times: the zodariids at the end of May (Control: 5.7 ± 0.7;
Cover: 5.7 ± 1.3), and the gnaphosids at the beginning of June (Control: 12.0 ± 1.2; Cover: 11.3 ± 4.1)
(Figure 4).

Figure 4. Number of the different families of ants (A), spiders (B) and beetles (C) (mean ± SE) collected
in pitfall traps in the plots with a sown cover and in the control plots.

Beetles were represented by families with different feeding habits. Phytophagous species of the
families Tenebrionidae (47.4%) and Carabidae (namely, Harpalus spp., 30.4%) represented most of the
Coleoptera collected in pitfall traps; polyphagous species, such as staphylinids (11.9%) and anthicids
(10.2%), were less represented (Supplementary Material, Table S1). The four families of beetles showed
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different trends in their abundances along the sampling period in relation to the type of cover (Figure 4).
Tenebrionids and anthicids did not show significant differences between the plots with a cover and the
controls (Table 1). In contrast, carabids, represented only by the species Harpalus, and staphylinids
were much more numerous in the plots with a sown cover (Table 1). The abundance of tenebrionids
increased in the cover plots to reach a peak in June (32.7 ± 5.2 individuals), while in the controls,
the lowest abundances were registered on the last two sampling dates. Carabids and staphylinids
peaked in mid-May in the plots with a sown cover (Carabidae: 27.0 ± 10.8; Staphylinidae: 12.3 ± 5.2),
their abundances decreasing thereafter. In the controls, these families were scarcer, with carabids
(3.0 ± 0.6) peaking at the end of April, and staphylinids (3.0 ± 1.0) at the end of May. The numbers of
anthicids, despite being generally low, gradually increased along the sampling period, peaking on the
last sampling date in the two treatments (Control: 7.3 ± 2.4; Cover: 10.0 ± 4.1).

Scelionids were collected only occasionally, but they are relevant for being egg parasitoids of
arthropods. They were mainly represented by the genus Baeus Haliday (93.4% of the captures). These
hymenopterans were significantly more numerous in the cover plots than in the control plots (Table 1).
The abundance of scelionids was very low in the first three samplings and increased considerably at
the beginning of June in the cover plots (32.0 ± 19.3), relative to the control plots (1.7 ± 1.2). Finally,
springtails showed significantly higher abundances in the control plots than in those with a sown
cover (Table 1). Springtails gradually increased in number in the control plots, peaking in June at
2343.3 ± 378.9 individuals; in contrast, in the cover plots they peaked in mid-May (1068.3 ± 149.5
individuals), with their abundances decreasing thereafter.

4. Discussion

Agroecological practices such as the implementation of cover crops are known to contribute to
the maintenance of local biodiversity in farming systems [3,12,34]. The results of the present work
indicate that a rich cover of vegetation increases the biodiversity of ground-dwelling arthropods in
pear orchards. The Shannon–Wiener diversity index was significantly higher in the presence than in
the absence of a sown cover. In addition, the richness of spiders and beetles was significantly higher in
the plots with a cover. A mix of herbaceous plants similar to the one used in the present work was
reported to produce an increase in the abundance and diversity of wild bees in areas of intensive
agriculture [55]. Considering the growing interest in green infrastructures for the conservation of
biodiversity in agricultural lands, relatively little information on the impact of cover crops on the
diversity of ground-dwelling arthropods is available. Sommaggio et al. [45] found a significant
higher activity and density of isopods, staphylinids, carabids and grillids in the soil surface of a
vineyard with several types of cover crop, relative to the control, which was exposed to periodical
tillage; however, only a faba bean cover had a significantly higher number of species than the control.
Surprisingly, no significant differences were found between any of the treatments and the control for
the Shannon–Wiener index, with the exception of a buckwheat cover that registered lower values that
the control. In contrast, Cárdenas et al. [63] found no significant differences in spider diversity between
ground with cover and that where the vegetation had been removed. Rieux et al. [64] reported a higher
diversity index for arthropods on sown cover than on bare ground and natural vegetation cover in
French pear orchards. However, it has to be taken into account that, because sampling was carried out
using sweeping nets, these indexes represent the diversity of arthropods living on plants rather than of
those living on the ground.

Most of the main groups of ground-dwelling arthropods collected were significantly affected
by the presence of a sown cover. Among them, only springtails and ants showed lower abundances
on the ground with a sown cover than on the ground without a cover; additionally, the ant richness
was lower on the ground with a cover. This is in contrast with previous studies reporting higher ant
abundances under cover-cropping management [65–68]; however, it should be noted that most of these
studies compared soils with cover crops with recently tilled soils, and intense tillage is known to have a
detrimental effect on ant abundances [69]. Regarding springtails, our results are in agreement with those
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of Buchholz et al. [70], who stated that the abundance and diversity of surface-dwelling springtails were
diminished by the greater plant biomass provided by covers. Beetles (i.e., carabids and staphylinids)
and spiders (i.e., lycosids and linyphiids) were more numerous on the ground with a sown cover. The
beneficial effects of covers on carabids and staphylinids have been extensively reported [45,71,72],
while in the case of spiders the results are more variable. Several studies have reported an increase in
the abundance of spiders on the ground in orchards with a vegetation cover [73–75], while in other
studies, a non-significant effect in comparison to bare ground was registered [45,63]. The scelionids
were another group of insects that benefited from the sown cover. Other authors have also reported
increased abundances of scelionids on grounds with cover, in different types of orchards [76,77].

Cover crops may affect ground-dwelling arthropods in several ways. For instance, by creating
physical barriers that hamper their movement on the ground surface and/or by increasing the availability
of niches in habitats [70,78,79]. In the present work, these two factors could explain the decline of
springtails observed in the plots with a sown cover. Buchholz et al. [70] argued that plant covers not
only hinder the rapid movement of springtails, increasing the risk of them falling prey, but also benefit
the establishment of predators. In our case, lycosids, that benefited from the sown covers, are known
to prey on springtails [80,81]. In relation to ants, very few species of ant predators—restricted to a few
families of spiders—have been reported in agroecosystems [82,83]. Therefore, in the present work, the
lower abundance of ants (namely, L. grandis) registered on the ground with cover was more likely due
to physical interference and/or to interactions with other species. For instance, several herbaceous
plants included in the cover host ant-mutualistic aphids that may divert the attention of ants to these
plants [44,84,85]. In the case of spiders, a significant increase in the number of lycosids and linyphiids
was registered on the ground with more vegetation. These two families have been reported to benefit
from the structural complexity and hideouts provided by herbaceous plants [78,79]. Moreover, these
plants may increase the availability of phytophagous and saprophagous prey, which constitute a great
part of the diet of these spiders [86,87]. The abundance of spiders could explain the higher number of
scelionids in the plots with a sown cover crop. This hymenopteran family was mostly represented
by the genus Baeus, an obligate parasitoid of spider eggs known to target egg sacs of Pardosa wolf
spiders [88]. In the case of the two main families of ground-dwelling coleopterans found in the present
work, carabids and staphylinids, the factors that may have contributed to their increase on the ground
with a sown cover are not easy to determine. Most previous studies focused on predatory species
and argued that an improved physical structure of microhabitats, higher alternative food availability,
reduced competition and/or an increase in the prey population could be the main explanations for
higher densities of these beetles in cover crops [45,71]. In this study, all the carabids collected belonged
to the genus Harpalus Latreille, which includes mostly phytophagous species [45]. In this regard,
Shearin et al. [33] observed a beneficial effect of cover crops on the abundance of the species Harpalus
rufipes De Geer (Coleoptera: Carabidae), suggesting higher seed availability as the main factor behind
this trend. Ground-dwelling arthropods are also influenced by the variation in microclimatic conditions
due to cover crops [89,90]. Vegetation gives shelter to ground-dwelling arthropods against extreme
temperatures and provides higher environmental humidity. The abundances of carabids and spiders
have frequently been found to be positively correlated with soil moisture [91,92]. In particular, the
higher recaptures of H. rufipes in a cover crop, in comparison to fallow treatments, were attributed to
higher humidity and lower temperature [33]. In the present study, the increase in humidity produced
by the greater vegetation cover and the extra watering of the cover crop may have also benefited some
arthropods, such as carabids and spiders.

This and earlier studies have demonstrated that vegetation covers allow the existence of a more
abundant and diverse arthropofauna in crops [67,93,94]. Cover crops may increase the availability of
resources (e.g., pollen, nectar, alternative host and prey species, shelter) to support a rich community of
natural enemies that may eventually move to adjacent crop plants and exert a beneficial effect [34,95,96].
Evidence of generalist predators, such as spiders, commuting between a legume cover crop and the
canopy of pear trees has been found using immunomarkers [97]. Although the relationship between
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biodiversity and ecosystem functioning is controversial [12], increasing the diversity of vegetation in
crops has frequently been reported to enhance ecosystem services such as pest control [93,98]. Several
studies have provided evidence of plant covers enhancing the abundance of natural enemies and
pest control in fruit tree orchards [39,44,45,99,100]. In the case of pear trees, there is some evidence
of a positive effect of ground covers on beneficial fauna [64,97,101]. In the present study, some of
the ground-dwelling arthropods influenced by the plant cover, namely, ants and spiders, are key
species for the assemblage of arthropods in pear orchards in the Mediterranean area [51–53]. Therefore,
increasing the herbaceous vegetation in pear orchards is expected to have an impact on the population
dynamics of the species in the canopy of the trees. However, the outcome of the interaction among
species is difficult to predict. Ants are known to establish antagonistic–mutualistic interactions with
psyllids, being the key species for the control of pear psyllids in some parts of the Mediterranean
area [52,53]; thus, the foreseen change in the foraging pattern of ants due to increased vegetation may
have either a positive or a negative effect on the control of pear psyllids. The effect of cover crops on
spiders as biological control agents is expected to be lower than that on ants, especially because they
are much less numerous than ants [51] and because, of the families found in the canopy of pear trees
(J. A. Sanchez, non-published data), only the Linyphiidae were found to be influenced by the cover.
Other spiders not affected by the cover, such as the genus Zodarion Walckenaer, have been described as
specialist ant predators that prey on medium-sized ants, such as Lasius spp. [83,102]. However, the
impact of Zodarion spp. on ants is expected to be low because of their low abundance.

In the present work, it was found that cover crops had a significant effect on the diversity of
ground-dwelling arthropods, including some key predators for the control of pests in pear orchards,
such as ants and spiders. This work outlines how agroecological practices may contribute to the
maintenance of local biodiversity and the importance of including farmlands in the plans for the
conservation of the species. The impact of cover crops in terms of pest control is uncertain; therefore,
more work is needed to determine how cover crops affect the population dynamics of pests and
predators in the aerial part of pear trees, as well as how the interactions among species on the ground
influence population dynamics in the canopy. Although this work was carried out only during one
year and over a short period of time, it provides evidence that plant covers influence the diversity
of ground-dwelling arthropods. Samplings over a more extensive period will reveal the impact of
cover crops under different environmental conditions and on other groups of arthropods that had little
representation in this study.
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Abstract: Land-use changes and especially management intensification currently pose a major threat
to biodiversity both on and beneath the soil surface. With a comparative approach, we investigated
how management intensity in orchards and meadows influences soil macro-invertebrate communities
in a North-Italian Alpine region. We compared soil fauna assemblies from traditional low-input
sites with respective intensively managed ones. As expected, the taxonomical richness and diversity
were lower in both intensive management types. Extensive management of both types revealed
similar communities, while intensification led to substantial differences between management types.
From these results, we conclude that intensification of agricultural practices severely alters the soil
fauna community and biodiversity in general, however, the direction of these changes is governed by
the management type. In our view, extensive management, traditional for mountain areas, favors soil
fauna communities that have adapted over a long time and can thus be viewed as a sustainable
reference condition for new production systems that consider the protection of soil diversity in order
to conserve essential ecosystem functions.

Keywords: traditional management; soil biodiversity; sustainable agriculture; management intensity;
South Tyrol; mountain agriculture

1. Introduction

The industrialization of agriculture characterized by high input practices in most cases increases
production but severely hampers the overall diversity of life that inhabits managed areas from
single fields to whole landscapes [1,2]. This change towards more intensive management is currently
causing major losses of biodiversity on a global scale [3,4]. On the other hand, there is a growing
acknowledgment that biodiversity sustains the agricultural production with several direct and indirect
ecosystem services, from supporting pollination and pest control [5] to the provision of long-term
stability and the maintenance of ecosystem functions [6,7]. Consequently, biodiversity loss and the
resulting possible absence of ecosystem services are considered to be so profound that they pose a
threat to the current and future food provisioning system [8]. Thus, developing sustainable agricultural
practices that conserve biodiversity and secure the provision of food in the long run, has become a
global goal and challenge [8–11]. It is of major interest (1) to describe the state of production systems
that might sustain a major proportion of biodiversity and are considered sustainable long-term and
(2) to investigate the changes caused by management intensification to subsequently identify and
understand the potential causes of these changes.
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Soils are of vital importance for agriculture by providing for the essential ecosystem functions
and services, such as carbon sequestration, water regulation, soil structure alteration, nutrient cycling,
and retention [12,13]. The current global loss of biodiversity is apparently happening also for soil
organisms in concomitance to the general soil degradation, posing a threat to important services which
soils and its inhabitants provide [14,15]. Changing land-use practices and intensifying the management
contribute to the current reduction in soil biodiversity [16,17]. Recent studies on soil invertebrates
found that the soil community reacts to management intensification by reducing average body size,
by shortening its trophic chain length and by reducing the overall diversity, thus influencing ecosystem
processes and soil quality [17–22]. However, agricultural production depends directly on the soil
quality [23] and this quality is directly linked to soil inhabitants [24]. Especially macro-invertebrates
are well-suited bioindicators, linked to most soil ecosystem functions and services [25], sensible to
both anthropogenic and environmental changes [26] and commonly used to evaluate the general soil
quality [21,27].

The present study aims to investigate the soil communities of two production systems,
hay meadows and fruit orchards, both characterized by traditional, extensive, and sustainable
production systems and to evaluate changes in community structures after the intensification of these
management practices.

More specifically, we test (1) if taxa richness and diversity decline from extensive to intensive
management; (2) if meadows and orchards harbor a different community of soil macro-invertebrates
and (3) if intensification similarly influences the community of both management types.

We expect differences in the soil community between the two habitat types (meadows and
orchards) since the presence of trees is known to significantly alter both biotic and abiotic characteristics
in their surroundings [28]. Further, we expect that the intensification of both practices results in similar
constraints for the soil community, leading to similar and less diverse community compositions [17].

2. Materials and Methods

The study region (South Tyrol, Italy) is an Alpine region where agriculture is characterized by
small farms, with orchards dominating the agricultural practice in the valley floors and hay meadows
on intermediate elevations [29]. Hay meadows we defined as managed grasslands mowed for hay
production at least once a year, with no or limited pasturing occurring in late summer and autumn
after the hay harvest.

The extensive and traditional management form of both practices was locally performed
for several hundred and up to thousands of years and is expected to harbor a specialized and
diverse community [30,31]. Both production types underwent land-use changes (intensification or
abandonment) over the course of the last decades and intensive management has broadly replaced the
extensive form, especially on lower elevations [32].

A full factorial design was chosen with a set of four fields in six different locations (Figure 1).
Each location comprised two meadows and two orchards, each with intensive and extensive
management; overall, 24 fields were investigated. The selection of the locations was limited by
the requirement that all four management types had to be close together (based on geographical
information systems). The single fields were selected on-site based both on the farmer’s statement
regarding the management intensity and a brief inspection of the vegetation cover. Data concerning
the mowing frequencies, manuring type and frequency, grazing type, and intensity were compiled
as precisely as possible (Table S1). With these parameters, a simplified version of the land-use index
(LUI) following the procedure proposed by Blüthgen [33] and Fischer [34] was performed. The only
difference from this approach concerned the use of manuring frequency rather than the amount of
nitrogen used to fertilize since precise data could not be obtained for each field. Further, site parameters
were recorded locally (coordinates, elevation, slope, exposition), while chemical parameters of soil
samples (such as SOM, pH, C/N, N, and P content) were analyzed by a specialized laboratory at the
Laimburg Research Center (South Tyrol). Physical parameters (soil texture) were analyzed using the
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automated PARIO system (meter group [35]) (for soil parameters and site characteristics see Table S1;
for correlation among these factors see Figure S1). The soil samples for the chemical and physical
analyses were collected in each field by taking six subsamples in 5–10 cm depth (the medium depth of
the macrofauna samples) at least 10 m apart from each other (three in autumn 2018 and three in spring
2019, at the same time of sampling of the soil fauna community). These six subsamples were mixed to
receive one homogenized sample per field for further analyses.

 
Figure 1. Schematic representation of the four differently managed field types located in each of the six
sampling locations depicted in the map (red dots). The map shows a central excerpt from South Tyrol,
the northernmost Province of Italy.

In total, 213 single soil core samples (20 × 20 × 15 cm square frame) were collected at three different
time points (autumn 2018, spring 2019, and autumn 2019) with three sub-replicates per field and date.
The three sub-replicate samples were collected within a minimum of 10 m distance from each other
and in orchards within a distance of one to two meters from the tree base (e.g., for intensive apple
orchards in the middle of the driveway). We added an additional sampling in autumn 2019 (except for
one single field where the access was not granted by the farmer), since the very dry summer 2018
may have influenced the community composition in autumn 2018. The soil macro-invertebrates were
extracted using a heat extractor (modified after [36]), quantified and identified to family level (except for
Symphyla) using suitable identification keys [37–41] and following the taxonomic information of Fauna
Europea Database [42]. For the ordination analysis, we treated adult and larval stages of beetles as
different taxa since they differ functionally.

Sampling coverage was investigated for each single-season and field type using species
accumulation curves based on the single soil core sample as sampling unites (iNext [43]; Figure S2).
The three sub-replicates were then averaged to one single sample per sampling time and used as such
for the following analysis (see the full community in Table S2). Taxon diversity is represented by the
Shannon-Wiener diversity index (computed with function diversity in vegan; [44]). For the statistical
analysis of taxon richness and diversity, a linear mixed model with season and regions (nested in
season) modeled as random factors was constructed. Scores were extracted with the function predict
and used to generate boxplots. Further, a mixed-model constrained ordinations (function capscale in
vegan; [44] using Bray-Curtis distances) were used to investigate the community composition changes
and a PERMANOVA (function adonis in vegan; [44]) was used to verify if the field type centroids
differ significantly. For these computations, the community matrix was reduced by excluding ants,
for which the sampling methodology is not appropriate, they differ inlife history and occurrence.
All variables were standardized. The season was modeled as a random factor to account for temporal
autocorrelation and the region was modeled as a random factor nested within the season to account
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for spatial autocorrelation between the fields. We chose single factors to be tested in the constrained
ordination, which (1) represented the site characteristics, the management intensity, the chemical and
the physical soil properties, (2) did not correlate significantly with each other, and (3) had a priori
expected effect on the soil community. We tested these factors with a permutation test upon the full
model and only significant parameters were implemented in the final ordination. All computations
and graphics were performed and generated using the statistical programming software R [45].
Graphics were produced using the package ggplot2 [46], the correlation plot was generated using the
package corrplot [47].

3. Results and Discussion

Taxa richness (on average 18.5 ± 4.9 SD in extensive meadows; 17.1 ± 3.9 SD in intensive
meadows; 19.1 ± 5.0 SD in extensive orchards; 14.1 ± 3.7 SD in intensive orchards) as well as diversity
(on average 2.33 ± 0.27 SD in extensive meadows; 2.18 ± 0.17 SD in intensive meadows; 2.19 ± 0.27 SD
in extensive orchards; 2.04 ± 0.25 SD in intensive orchards) was found to be significantly reduced
under more intensive management in both meadows and orchards (Figure 2; Table 1). This result
was expected and has already been shown for both soil [16,17,20] and above ground organisms
(e.g., [4,30,48]). Nevertheless, this confirms the severe impact management intensification has on
overall soil biodiversity also for the systems investigated in this study. Specifically, for meadows,
there is already broad evidence that management intensification alters the soil community and its
related functional aspect (e.g., [22,48]). For orchards, on the other hand, the literature is more sparse
and inconsistent regarding the supported biodiversity and intensification effects, especially for soil
fauna communities (but see [49,50]). Species accumulation curves depict an overall good coverage
for each season and further confirm the low scoring of intensive orchards in comparison to extensive
managed fields. Intensive meadows score on an intermediate position, due to a higher taxa richness in
spring (Figure S2).

Figure 2. Boxplot of the partial effect of habitat (meadow and orchard) and management intensity
(intensive and extensive) on taxa richness and diversity (Shannon diversity) (n = 18). The data was
extracted from the linear mixed model accounting for the effect of region and season treated as random
factors. Boxplot depicting the interquartile range (IQR between the 25% and the 75%) and the median,
whiskers extending 1.5 * the IQR.
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Table 1. Likelihood ratio test of linear mixed-model for taxa richness and diversity (Shannon diversity).
Habitat (meadow vs. orchard) and management intensity (extensive vs. intensive) were tested separately.
The region was implemented as a random factor nested in the season to account for both spatial and
temporal autocorrelation.

Dimension Factor df. Chi2 p

Richness
Management 1 9.85 0.002

Habitat 1 1.52 0.283

Diversity
Management 1 6.03 0.014

Habitat 1 5.98 0.014

The community composition was overall significantly different between the four field types
(PERMANOVA; 999 permutations: F3,70 = 2.169, p < 0.001). Further, a surprisingly similar community
was found in the extensively managed fields (Figure 3). This was in part unexpected because of the
significant role trees are known to exert on the soil community [28]. This similarity is probably due to
both the similar land-use intensity (characterized by the factor land use index (LUI) after [33]) and
the generally richer and more diverse soil community adapted to the traditional extensive practice.
The rather clear separate plotting of the intensive fields both from the extensive ones and from each
other further underlines the important effect of management intensification and type.

Figure 3. Ordination of the constrained canonical correspondence analysis. Each spot represents one
sampling event per site. Colors and spider webs according to the field management type. Spider web
centers are the weighted centroids of each management type.
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Regarding site and soil parameters, we found expectable trends and correlations between the single
factors (Figure S1). Only non-correlating factors representing site characteristics, physical and chemical
parameters as well as management details were selected to be tested in a constrained ordination.
The resulting significant parameters in a permutation test where land-use index (LUI; Permutation
test: F1,57 = 2.93; p = 0.001) and soil nitrogen content (N; Permutation test: F1,57 = 2.89; p = 0.001)
and were implemented in the final ordination (Biplot scores for CAP1: LUI = 0.90; N = 0.31; and for
CAP2 LUI = 0.42; N = −0.78; Figure 3). The first constrained axis depicts well the management
intensity, separating both the intensely managed fields from the extensive ones. The second axis clearly
separates the two intensive management types from each other, contrary to our expectations (Figure 3).
We expected intensification to lead to a more simple and similar community as found in several
other studies [17,20,49], but this was not the case between orchards and meadows. The differences are
apparently directly connected to different management practices. While the recorded management
parameters and the sum factor LUI (Table S1) was not able to fully explain these differences, we suspect
that (1) the more frequent presence of heavy machinery in intensive orchards (for frequent mowing,
working in the fields, picking the fruits) as well as (2) the application of additional chemicals
(herbicides and insecticides routinely used in the region: [51]) might further significantly impact the
soil community of intensive orchards. The more frequent presence of heavy machines is probably
causing soil compaction, limiting the presence of soil macro-invertebrates, and the use of additional
chemicals is also known to hamper the soil biodiversity in general [15]. The quantification of both these
influences has not been considered in detail in this study, but potentially explains the severe differences
between intensive meadows and orchards. Further, N is highly correlating with the SOM content
(r = 0.94) and appears to be one factor that differentiates the two intensive forms of management from
each other. A decrease in SOM is generally known to be a consequence of soil degradation and a
potential threat for soil biodiversity [52], accordingly, richness and diversity of soil invertebrates were
lower in intensive orchards where SOM also resulted in lower values. This appears to be true for
the intensive orchards but not for the intensive meadows characterized by higher nitrogen and SOM
contents even exceeding those of the extensive managed fields, probably due to the higher fertilization
with cattle manure.

Concluding, we found a more rich and diverse soil macro-invertebrate community in the extensive
forms of the two investigated management types (viz. meadows and orchards). Further, we can state
(1) that both extensive management types harbor a strikingly similar soil fauna community, (2) that
intensification of land-use leads to a substantial change in these communities, and (3) that this change
was profoundly influenced by the type of management.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/6/767/s1,
Figure S1: Correlation plot between all parameters. Significant correlations (p < 0.05) where marked with a red
frame, Figure S2: Species accumulation plots where computed for each season and management type to visualize
the sample coverage and species diversity more in detail, Table S1: Table with the site characteristics, Table S2:
Table with taxon and site mean abundance and standard deviation for each single field. Data was standardized to
1 m2 of sample and averaged over all nine single subplots sampled per field.
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