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Market garden microfarms are increasingly expanding, primarily with the goal of achieving environmental
benefits. However, their effects on soil-dwelling communities remain insufficiently explored. This study inves-
tigated the edaphic impacts of market garden systems compared to conventional farming. Soil samples were
collected from three paired sites in northern Italy, each cultivating the same two crops: cabbage and radicchio.
After extraction and enumeration of soil arthropods, the soil community was analysed using the following
indices: Pielou's evenness, Shannon diversity, Simpson diversity, QBS-ar, and the Acarina/Collembola ratio.
Results indicated higher values of these indices, suggesting enhanced soil community structure and function in
the market garden system. Most indices showed significant differences between management systems and, within
each system, between cabbage and radicchio crops. Certain taxa, particularly Isopoda and Diplopoda, were
strongly associated with the type of management. These findings suggest that market garden and conventional

farming systems have distinct impacts on edaphic arthropod communities.

1. Introduction

Market garden microfarms (MGM) are widely spreading. These
emerging horticultural microfarms typically operate on less than one
hectare and draw inspiration mainly from key Figs such as Fortier
(Fortier, 2014), Jeavons (Jeavons, 2002), Coleman (Coleman, 1989),
focusing their activity on high-intensity agroecological practices, small-
scale farming, which includes appropriate equipment and tools, and
direct selling, primarily to local markets. Their main objective is to
pursue agroecological targets aiming to increase their environmental
sustainability through high agro-biodiversity, restricted use of plant
protection products, the reduction of soil tillage, and the massive use of
organic matter. The latter, however, has been shown to potentially lead
to several risks, particularly concerning nitrogen dynamics (Ruch et al.,
2023). In Europe, MGM have been primarily documented in France
(Morel and Léger, 2016), while in Italy an organization has recently
been formally registered (Rete Agroecologica Microfarm Italia APS,
Statuto, 2024). Related studies on MGM have explored various aspects,
including social dynamics (Dumont et al., 2021) and economic sus-
tainability, which has demonstrated profitability potential (Morel et al.,
2017; Conseil et al., 2022), while also identifying specific risk factors
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(Morel et al., 2017). Another research applied Life Cycle Assessment
(LCA) methods to evaluate impacts on climate change, land competition,
biodiversity, and plastic use (Pépin et al., 2021), while Markusen (2014)
highlighted the benefits associated with short supply chains. Other
important environmental aspects that have not yet been investigated in
market garden microfarms include the assessment of soil biotic com-
munities, which play a crucial role in soil functioning by providing a
wide range of ecosystem services. The diversity of soil arthropod com-
munities enhances the resilience of soil fertility and has proven to be a
reliable indicator of soil health, as these edaphic populations are highly
sensitive to changes in agricultural practices—such as crop rotation,
tillage, pesticide application, fertilization, and climate change (Menta
et al.,, 2018; Menta and Remelli, 2020). An abundant, and highly
diversified, community of arthropods is associated with many benefits
such as enhanced nutrient cycling, increased carbon sequestration, and
higher water retention capacity (Decaéns et al., 2006; Menta et al.,
2019; Menta and Remelli, 2020). All these effects can significantly
improve the environmental sustainability of crop growing. In recent
decades, soil biodiversity is declining across Europe likely due to the
intensifying of agricultural systems, even if organic farming resulted in
mitigating their negative impacts (Burgio et al., 2015). This trend is
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particularly pronounced in the cultivation of vegetable crops, due to
their short growing cycles and frequent soil disturbances that deplete
organic matter. Some commonly used methods to assess soil biodiversity
rely on the composition and associations of soil arthropod species, such
as the Shannon, Simpson, and Pielou indices, while others focus on the
ecomorphological traits of soil fauna, which are more directly linked to
soil quality. Among these, the QBS-ar index (Soil Biological Quality
based on arthropods) is widely employed as an indicator of soil bio-
logical quality in agricultural systems (Parisi et al., 2005; Parisi and
Menta, 2008; Yin and Koide, 2019; Arbolaez et al., 2023; Gallese et al.,
2025; Naglic et al., 2025; Remelli et al., 2025). This index is especially
sensitive to reductions in anthropogenic disturbances, which promote
soil fauna in tilled lands (Menta et al., 2020).

The aim of this study was to evaluate whether market garden
microfarm (MGM) practices are less detrimental to soil arthropod
communities than conventional (CONV) techniques. Specifically, we
assessed whether MGMs maintain adequate soil organic matter (SOM)
levels and enhance soil biodiversity by comparing indices derived from
soil micro- and macroarthropod communities.

2. Materials and methods
2.1. Farm definition and eligibility criteria

A set of detailed eligibility criteria was defined for both MGM and
CONV farms. According to Therond et al. (2017), MGM were classified
as biodiversity-based for the types of farming system in the socio-
economic context of integrated landscape approach while CONV farms
were classified as chemical-biological input-based in the context of
alternative food systems. To identify eligible farms, farmers were
interviewed using semi-structured questionnaires, each lasting approx-
imately 20 min. To identify representative MGM, the following criteria
were required: (i) farm size: a cultivated area of <1 ha dedicated
exclusively to vegetable production; (ii) farm activity: a minimum of
three consecutive years of continuous farming activity; (iii) field layout:
permanent soil leveling with fixed crop beds and designated walkways,
maintained over time without annual reshaping of the field structure;
(iv) crop diversity: high diversification, at least 30 different vegetable
crops cultivated per year; (v) mechanization level: exclusion of tractors
use, in particular those having four wheels, while two wheel tractors are
contemplated as manual tools or other small equipment such as mini-
transporters or brushcutters; (vi) tillage practices: minimal, usually
shallow or double layer, typically using the two wheel tractor for the
shallow milling, and a deeper tillage, not exceeding 40 cm depth, with a
broadfork. Mouldboard ploughing, or similar tillage, was explicitly
excluded, provided they invert the soil profile; (vii) plant protection
products use: limited use of chemicals, use of homemade products (e.g.
macerates) and basic substances (Regulation (EC), 2009), eventually,
use of products permitted under the European Union organic farming
regulation (Regulation (EU) 2018/848 and subsequent amendments),
though the application of products of synthesis, such as copper deri-
vates, is unordinary; (viii) fertilizers: no mineral fertilizers used, reliance
on organic substances, including self-made products such as, for
example, macerates; (ix) marketing channels: reliance on direct and
local sales such as on-farm sales, local markets, community supporting
agriculture (CSA). Farm recruitment was facilitated through the MGM
farmers' network and their extensive use of social media and adver-
tisements. In order to identify representative CONV farms, eligibility
criteria were established as follows: (i) farm size: a minimum of 2 ha
dedicated exclusively to vegetable production (final range was between
2 and 6); (ii) farm activity: a minimum of three consecutive years of
continuous farming activity; (iii) field layout: no permanent crop beds or
controlled traffic management; (iv) crop diversity: a minimum of 20
different vegetable crops per year were cultivated; (v) mechanization
level: all kind of equipment allowed, compulsorily including tractors;
(vi) tillage practices: all kind of tillage were allowed, compulsorily
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including those causing inversion of soil profile such as ploughing; (vii)
plant protection products use: chemicals were used, compulsorily
including those not allowed in Organic farming regulation (Regulation
(EU), 2018 and subsequent amendments) though their use was limited
as much as possible according to the best agricultural practices; (viii)
fertilizers: both mineral and organic fertilizers were usually used; (ix)
marketing channels: reliance on direct and local sales such as on-farm
sales and local markets. Additional criteria applied to both MGM and
CONV farms included: (i) location: in northern-central Italy, within the
Po Valley region; (ii) chosen crops: cultivation of the same variety of two
crops—savoy cabbage (Brassica oleracea var. sabauda, hereafter “V”’) and
variegated Castelfranco's radicchio (Cichorium intybus var. silvestre,
hereafter “R”)—each grown on a plot of at least 30 linear meters (24
mz); (iii) proximity: spatial proximity between paired farms, MGM and
CONV, not exceeding ten km of each other, ensuring comparable envi-
ronmental conditions, including microclimate characteristics and soils
texture which, according to USDA classification, were belonging to the
same or an adjacent class.

Nineteen MGM farmers and ten CONV farmers completed the
interview and three pairs of farms—each consisting of one MGM and one
CONV farm located in proximity—were ultimately selected (Fig. 1,
Table 1), as they were the ones satisfying all the mandatory selection
criteria described above.

2.2. Experimental design

Soil sampling was conducted at random points, maintaining a min-
imum distance of 5 m between sampling locations, following the
established protocol (Menta et al., 2018). For each farm, six soil sub-
samples were collected for both crops (V - cabbage, and R - radicchio)
(Fig. S1 and S2), resulting in a total of 72 soil samples.

2.3. Soil analysis and arthropod characterization

Soil sampling was conducted in November 2022, with paired farms
sampled in close succession. The 72 soil samples were collected using a
shovel, extracting a 10 cm x 10 cm x 10 cm volume of soil, and
immediately placed in a plastic bag. Each of these 72 soil samples were
used individually for both soil organic matter (SOM) analysis and
microarthropod extraction.

SOM content was determined on dried soil after arthropods extrac-
tion (see below) using the loss on ignition method (Miano and Mondelli,
2015): (i) soil samples were ground, sieved through a 2 mm mesh, and
dried in an oven at 105 °C for 24 h until constant weight; (ii) subse-
quently, 6 g of each subsample was combusted in a muffle furnace at
400 °C for 4 h.

Soil micro and macroarthropods (belonging to mesofauna) were
extracted using a Ecotech Kempson extractor (extraction time: 10 days;
maximum temperature: 55 °C; 2 mm mesh sieve) and collected in a
container with a preservative solution (ethyl alcohol:glycerol, 3:1 ratio).
This extraction method allows the extraction of both micro- and macro-
arthropods with a body diameter < 2 mm. Macroarthropods belonging
to the macrofauna, which require different extraction methods, were not
included in this study. Extracted specimens were observed under a ste-
reomicroscope for taxonomic identification at different levels following
the QBS-ar protocol: (i) arthropod groups were identified at the class
level for Myriapoda and at the order level for Hexapoda, Chelicerata,
and Crustacea; (ii) the degree of adaptation of specimens belonging to
the same taxon was assessed; (iii) adults and larvae of holometabolous
insects (Diptera, Coleoptera, Lepidoptera, Hymenoptera) were consid-
ered separately, taking into account their distinct ecological roles and
soil adaptation strategies (Parisi, 2001). The total number of organisms
was counted to estimate taxon abundance.

The soil microarthropod community was analysed in terms of taxa
richness and diversity, with the calculation of the Shannon, Pielou, and
Simpson diversity indices. Additionally, the QBS-ar index (Soil
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Fig. 1. Map showing the geographic location of the farms selected for the experimental design.

Table 1

Soil physical and chemical properties of the agricultural farms included in the
study. Reported variables include particle-size distribution (Clay%, Loam%, Silt
%), USDA textural class, pH, total and active carbonate content, cation exchange
capacity (CEC/CSC), C/N ratio, date of analysis, and bulk density.

Agricultural farms Clay% Loam% Silt% USDA class pH
CR (CONV) 33 52 15 Silty clay loam 8,00
PT (MGM) 15 65 20 Silt loam 7,7
AT (MGM) 11,0 65,9 23,1 Silt loam 7,8
ZS (CONV) 10,4 38,5 51,1 loam 6,4
OD* (CONV) 20* 45 35 loam* 7,5*
PAS (MGM) 28 59 12 Silt loam 7,2

" Data from the Emilia-Romagna Regional Soil Database (Portale Agricoltura
Regione Emilia-Romagna, 2025; GeoGebra, 2025).

Biological Quality index based on soil arthropods) was applied to each
replicate following the procedure developed by Parisi et al., 2005. The
“number of groups” refers to the number of QBS-ar eco-morphological
groups recorded per sample. These groups correspond to the eco-
morphotypes defined within the QBS-ar framework; thus, the richness
and diversity metrics represent the richness and diversity of eco-
morphological groups rather than taxonomic ones. Acarina/Collem-
bola ratio, representing the numerical ratio between Acarina (mites) and
Collembola (springtails) individuals, was also calculated. A higher ratio
may indicate changes in the soil environment, such as disturbances,
changes in organic matter, or other environmental stresses (Visioli et al.,
2013).

2.4. Statistical analysis

Univariate responses were analysed using generalized linear mixed

models (GLMMSs) to account for non-normal error distributions and the
hierarchical structure of the experimental design. Management and crop
type were included as fixed effects, while farm was included as a random
intercept to account for spatial nesting and potential pseudoreplication.
Initial models included the interaction between management and crop,
and model simplification was performed using an information-theoretic
approach based on Akaike's Information Criterion (AIC).

Soil organic matter (SOM) and Acarina/Collembola ratio were log-
transformed and analysed assuming Gaussian errors. Shannon di-
versity was analysed using a Gaussian GLMM. Linear and generalized
linear mixed models were fitted using the packages lme4 and MASS.
Pielou's evenness and Simpson index, both bounded between 0 and 1,
were analysed using beta regression models (package: glmmTMB) with a
logit link function. QBS-ar scores, arthropod abundance and number of
arthropod groups were analysed using Poisson GLMMs; when over-
dispersion was detected, negative binomial distributions were adopted.
Model assumptions were evaluated using simulation-based residual di-
agnostics. Statistical significance of fixed effects was assessed using
likelihood ratio tests or Wald tests, as appropriate. For each response
variable, we first fitted a full model including Management, Crop, and
their interaction. If the interaction was not supported (LRT), we retained
the additive model. Likelihood-ratio tests (drop1, xz) were used to assess
fixed effects, while estimated marginal means were computed for
interpretability. Model selection was performed using package: MuMIn,
residual diagnostics were carried out using package: DHARMa, and
estimated marginal means were obtained using package: emmeans.
Supplemental materials provide full model outputs, likelihood-ratio
tests, estimated marginal means, and residual diagnostics (DHARMa)
for all response variables (Tables S1-4, Fig. S3-10).

Multivariate analyses were performed to investigate patterns in soil
arthropod community composition.

Factor Analysis of Mixed Data (FAMD) (package: FactoMineR) was
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applied to the quantitative variables to observe their relationships with
each other and their dependence on management practices and crop
types. The same analysis was conducted using taxa as quantitative
variables. Given the differences in taxa distribution among different
crops, analyses of arthropod communities were conducted separately for
each crop. For each crop, the arthropod community matrix was square
root transformed to reduce the dominance of abundant taxa such as
Acarina and Collembola. Subsequently, PERMANOVA (package: vegan)
was performed on the community data using Bray-Curtis dissimilarities
to analyze the effects of management practices and SOM on soil
arthropod community structure. Non-metric multidimensional scaling
(NMDS) (package: vegan) was applied to visualize PERMANOVA results.
Indicator species analysis (package: labdsv) was conducted using the
IndVal function to obtain specificity and fidelity values. In this context,
the IndVal method was applied to identify taxa that were characteristic
of a specific management by combining information on both specificities
(the degree to which a species is found in a particular group) and fidelity
(the frequency of occurrence of a species within that group).

Soil arthropods were then separated in macro and microarthropods
based on their ecological traits. Macroarthropods included Araneidae,
Isopoda, Diplopoda, Pauropoda, Symphyla, Chilopoda, Coleoptera,
Coleoptera larvae, Diptera larvae, Formicidae, and Hymenoptera.
Microarthropods included Acari, Protura, Collembola, Diplura, and
Hemiptera. For each group, abundance was extracted from the com-
munity dataset and organized into separate matrices. Multivariate
generalized linear models (GLMs) were applied using the mvabund
package. Models were fitted with negative binomial distributions to
account for overdispersion and count data characteristics. The full
models included Management, Crop, and their interaction as fixed ef-
fects. Multivariate analyses of deviance were performed using 999 PIT-
trap resampling iterations to obtain p-values. Univariate tests were
conducted for each taxon separately, with p-values adjusted for multiple
comparisons using the p.uni = “adjusted” option.

A p-value <0.05 was considered significant for all tests. All analyses
were conducted using R software version 4.4.0 (R Core Team, 2024).

3. Results
3.1. Soil Organic Matter (SOM) and arthropods indices

SOM content was significantly influenced by crop species (p =
0.018), with higher values observed in cabbage compared to radicchio.
Although MGM plots showed numerically higher SOM values
(~25-26%) than CONV, the management effect was not statistically
significant when accounting for farm-level variability (p = 0.302)
(Tables 2 and 3).

Table 2

Summary of soil properties (SOM = Soil Organic Matter) and mesofauna com-
munity metrics (QBS-ar = Qualita biologica del suolo-arthropods) in two crop
species (R = radicchio, V = cabbage) under two management systems (CONV =
conventional, MGM = Market Garden Microfarms). Values are means =+ stan-
dard errors.

R \Y
CONV MGM CONV MGM
SOM (%) 5.96 + 0.30 7.44 £ 0.54 6.16 + 0.24 7.75 £ 0.45
Abundance (ind./ 7427 + 4764 + 800 8309 + 9946 +
m?) 1269 1467 4302
N° of groups 6.06 £0.38 6.39+0.28 539+0.23 6.61 £0.52
Acarina/ 0.13 £ 0.02 0.90 £ 0.12 0.18 + 0.03 0.95 + 0.20
Collembola
Shannon diversity 0.62+0.06 0.91+0.08 0.47 +0.05 0.88 +0.08
Simpson index 0.30 £+ 0.03 0.45 £+ 0.04 0.23 £+ 0.03 0.43 £ 0.04
Pielou's evenness 0.36 = 0.04 0.50 £+ 0.04 0.28 + 0.03 0.49 £+ 0.05
QBS-ar 81.28 + 89.56 + 69.17 + 86.22 +
5.12 4.08 2.08 6.24
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In contrast, the management system did not exert a detectable in-
fluence on SOM levels within the timeframe of the study (Tables 2 and
3).

Soil arthropod community comprised 18,976 individuals across 14
taxonomic groups. While total arthropod abundance exhibited a non-
significant trend related to crop type, the number of groups remained
stable across both crop species and management regimes (Tables 2 and
3). Management intensity proved to be the primary driver of community
structure and diversity. The Acarina/Collembola ratio was significantly
higher in MGM across both crops (Tables 2 and 3), indicating a distinct
shift in the microarthropod balance. This enhancement was further re-
flected in all diversity metrics: Shannon diversity, Pielou's evenness, and
the Simpson index were consistently higher under MGM system
(Tables 2 and 3). These results denote a more complex and equitably
distributed arthropod community in enhanced management plots. The
QBS-ar index was significantly improved by MGM practices (Tables 2
and 3). Although the crop species exerted a marginal effect on biological
quality—with cabbage showing slightly lower scores than radi-
cchio—the findings underscore that management-enhanced systems
significantly bolster soil biological integrity, whereas the influence of
the specific vegetable crop remains secondary (Tables 2 and 3).

3.2. Arthropod communities

The most abundant taxa were Collembola and Acarina (Table 4),
accounting for 517,039 individuals per square meter, corresponding to
94.4% of the total abundance of the arthropods observed. In MGM,
Acarina and Collembola represented 92.7% of the total, while in CONV
they accounted for 95.9%.

From a descriptive analysis of the data on arthropod abundances, it
emerges that some groups show a similar pattern in the two cropping
systems, whereas for others no clear trend can be identified. In both
cropping systems, MGM highlighted higher abundance values for iso-
pods, diplopods, pauropods, symphylans, and beetles. Protura were
observed only in MGM, and exclusively in the V crop. The trend
observed for adult beetles is not confirmed by their larvae, which show
higher or comparable abundances under conventional management
(CONV). Diptera larvae displays a similar pattern.

The arthropod community in the two management and crop species
differed: with radicchio and cabbage positioned at opposite axes in the
FAMD analysis and management driving most of the data variability
(Fig. 2).

PERMANOVA results revealed that both the agricultural system and
SOM content significantly affect the structure of the soil microarthropod
community. For cabbage, management was significant (p < 0.05), and
SOM was highly significant (p < 0.01) (Fig. 3a). For radicchio, the in-
fluence of management was slightly above the threshold (p = 0.057),
while SOM influence remained highly significant (p < 0.01) (Fig. 3b).

Indicator taxa of cabbage in MGM included Isopoda, Diplopoda, and
Symphyla, while on radicchio in MGM, Isopoda was the only significant
taxon (Table 5; Fig. 3).

On radicchio, Diptera larvae were found to be indicators, and more
abundant, in the conventional system (CONV) than in the MGM
(Tables 3-4). The specificity and fidelity of each taxon are listed in
Table 5.

For macroarthropods, the multivariate GLM revealed a significant
effect of Management (Deviance = 71.13, p = 0.001), Crop (Deviance =
25.08, p < 0.05), and their interaction (Deviance = 27.72, p = 0.01) on
overall community structure. Univariate tests indicated that the abun-
dance of Isopoda and Diplopoda was significantly affected by Manage-
ment (Isopoda: Dev = 29.09, p = 0.001; Diplopoda: Dev = 14.26, p <
0.01), with higher values observed under the MGM system. Other taxa,
including Araneidae, Pauropoda, Symphyla, Chilopoda, Coleoptera,
Coleoptera larvae, Diptera larvae, Formicidae, and Hymenoptera,
showed no significant response to management or crop.

For microarthropods, the multivariate GLM indicated a significant
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Table 3
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Results of generalized linear (mixed) models assessing the effects of crop species (R = radicchio, V = cabbage) and management systems (CONV = conventional, MGM
= Market Garden Microfarms) on soil properties (SOM = Soil Organic Matter) and arthropod community metrics (QBS-ar = Qualita biologica del suolo-arthropods).
For each response variable, the retained fixed effects, estimated effect sizes (+ standard error, SE), test statistics, and p-values are reported.

Response variable Distribution Effect Estimate + SE XZ (LRT) p-value
SOM Gaussian (log-transformed) Management 0.20 + 0.23 1.07 0.302
Crop 0.05 + 0.02 5.55 0.018
Abundance Negative binomial Management —0.15 + 0.22 0.47 0.495
Crop 0.39 £ 0.22 3.14 0.0765
N° of groups Poisson Management 0.13 £ 0.10 1.78 0.182
Crop —0.04 £ 0.10 0.15 0.703
Acarina/Collembola Gaussian (log-transformed) Management 0.77 + 0.34 5.01 0.025
Crop —0.36 + 0.24 2.18 0.139
Shannon diversity Gaussian Management 0.35+0.11 7.84 0.0051
Crop —0.09 £+ 0.06 2.00 0.157
Simpson index Beta (logit link) Management 0.77 + 0.21 7.29 0.0069
Crop —-0.21 +£0.16 1.83 0.177
Pielou's evenness Beta (logit link) Management 0.71 £ 0.16 9.27 0.00233
Crop —0.17 £ 0.16 1.06 0.304
QBS-ar Negative binomial Management 0.16 + 0.08 3.54 0.0599
Crop —0.09 £+ 0.05 3.35 0.0672

Note: Estimates are reported as pairwise contrasts (mg — conv; V — R) on the model link scale. Fixed effects were tested with likelihood-ratio tests (LRT; y?) from the
final model. No significant Management x Crop interactions were detected for any response variable (Table S1). Therefore, additive models were retained.

Table 4

Mean =+ standard error of the number of arthropods (per square meter) grouped
in taxa from each management system (MGM-market gardening and CONV-
conventional) within crop species (R-radicchio and V-cabbage).

Taxa R v
CONV MGM CONV MGM
Araneae 0 3.2+22 24.1 £10.2 48 +26
Acarina 856.8 + 643.4 + 532.7 + 1618.9 +
214.8 102.9 101.7 802.9
Isopoda 12.8 £5.8 86.6 + 3.2+22 242.3 +
32.0 81.5
Diplopoda 8.0 +£3.9 54.6 + 0 49.7 £ 18.4
21.8
Pauropoda 144 +5.8 49.7 + 1.6 £1.6 16.0 + 7.8
18.2
Symphyla 1.6 £1.6 4.8 +3.5 0 16.0 £ 7.5
Chilopoda 3.2+22 6.4 + 3.7 6.4 +3.7 3.2+32
Protura 0 0 0 48 +48
Diplura 72.2 £ 26.1 16.0 + 6.7 144+ 6.3 321+ 14.6
Collembola 6225.2 + 3648.5 + 7479.9 + 7719.0 £
1185.9 768.4 1460.1 3579.2
Hemiptera 1.6 £1.6 0 4.8+2.6 12.8 £5.8
Coleoptera 91.5 + 22.8 128.4 + 88.2 + 23.5 125.2 +
39.9 21.1
Hymenoptera 1.6 £1.6 0 1.6 +1.6 4.8+ 3.5
Hymenoptera 9.6 £5.2 61.0 + 89.9 £+ 52.7 48.1 + 20.5
Formicidae 50.9
Coleoptera larvae 65.8 +11.2 51.3 + 36.9 +12.8 33.7 £13.3
10.8
Diptera larvae 62.6 + 19.4 9.6 + 4.0 25.7 £ 9.9 144+ 75

Management x Crop interaction (Deviance =17.19, p < 0.05), while the
main effects of Management and Crop were not significant. Univariate
analyses revealed no significant effect of management on Acari, Protura,
Collembola, Diplura, or Hemiptera. A marginally non-significant in-
crease in Acari was observed under MGM system within some crop types
(p = 0.06). Overall, microarthropods responded less strongly to man-
agement than macroarthropods, with effects mainly driven by the
interaction with crop species.

4. Discussion

In this study, management practices exerted a stronger influence
than crop species on soil arthropod communities and associated bio-
logical indicators. Overall, MGM systems were associated with higher
soil biological quality and more structured arthropod communities,

whereas crop effects were generally weaker or marginal. Although
descriptive statistics indicated approximately 20-25% higher SOM
values under MGM compared to conventional management for both
crops, the mixed-effects model did not detect a statistically significant
management effect after accounting for farm-level variability. Instead,
crop species showed a modest but significant influence, with slightly
higher SOM in cabbage plots. Agricultural soils in the Po Valley are
generally very low in organic matter content, often ranging from 1 to
1.5% (Pittarello et al., 2022). In the soils considered in this study, initial
SOM levels were already higher than those typically observed in arable
land. The roughly 20% higher SOM under MGM system for both crops
underscores the potential of these practices to further enhance soil
organic carbon storage. However, as baseline SOM measurements were
not available prior to the establishment of the management systems, the
observed differences cannot be interpreted as a management-induced
increase. It remains possible that MGM plots were initially established
on soils with higher SOM content. Therefore, the results should be
interpreted as cross-sectional differences between management systems
rather than temporal increases. Nevertheless, the consistently higher
SOM values observed under MGM across both crops may suggest po-
tential management-related differences in organic matter dynamics,
warranting further long-term investigation. As SOM is a key determinant
of agricultural system sustainability, its presence supports soil biotic
communities by improving edaphic conditions (Mantoni et al., 2021).
The higher organic matter content in MGM could partly explain the
greater abundance of detritivorous and saprophagous groups such as
isopods, diplopods, pauropods, and symphylans.

Our results suggest that total arthropod abundance displayed high
variability among plots and a weak crop-related trend, while no clear
management effect emerged in the model. This variability likely reflects
the aggregated and patchy distribution typical of soil fauna, particularly
under field conditions. Importantly, abundance alone proved to be a
relatively coarse metric, as it did not consistently capture management-
driven changes in community structure. Similarly, the number of taxo-
nomic groups was not significantly explained by crop, management, or
their interaction, suggesting that richness was relatively stable across
treatments at the spatial scale investigated. In the MGM system, soil
samples exhibited greater microarthropod diversity, and ecological
indices commonly used in research confirmed the importance of the
management regime. Their values were more strongly influenced by the
agricultural system, indicating that MGM system can significantly alter
the soil environment. The main factors affecting management practi-
ces—and consequently soil communities—are the use of plant protec-
tion products and soil tillage. In particular, tillage generally negatively
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Fig. 3. Soil microarthropod community structure in: (a) cabbage, and (b) radicchio. The red arrows indicate the direction and strength of the relationship between
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market gardening management (MGM). The stress value, located at the top left of the plots, reflects the goodness of fit for the NMDS analysis; lower stress values

(typically below 0.2) suggest a reliable representation of the data.

Table 5

Indicator taxa that were characteristic of management (CONV = conventional,
MGM = Market Garden Microfarms) within crop (R = radicchio, V = cabbage).
Information on specificity (the degree to which a species is found in a particular
group) and fidelity (the frequency of occurrence of a species within that group)
and p-value of taxa that gave the highest discrimination between some treat-
ments (crop and management) and can thus be kept as reliable indicators.

Crop Management Taxa Specificity Fidelity p-value
v MGM Isopoda 0.99 0.83 < 0.001
Diplopoda 1.00 0.39 < 0.01
Symphyla 1.00 0.28 < 0.05
R MGM Isopoda 0.87 0.56 < 0.05
CONV Diptera larvae 0.87 0.61 < 0.01

affects microarthropods directly and indirectly (Mantoni et al., 2021,
Menta et al., 2020; Staslov 2014) and its reduction can limit habitat
disturbance and preserve soil structure (Tabaglio et al., 2008; Sapkota

etal., 2012; Carr et al., 2013; Gardi et al., 2016; Bojarszczuk et a., 2021;
Selbonne et al., 2023). Additionally, other positive factors in the MGM
system that contribute to enhanced biodiversity and increased micro-
arthropod abundance include: permanent crop beds that limit soil
compaction; reduced tillage disturbance due to the use of manual
equipment; and a high diversity of cultivated crops combined with the
small size of crop beds, which may facilitate migration phenomena
(Mantoni et al., 2021). However, the beneficial effects may still be
limited due to the time required to detect significant differences, given
the relatively recent establishment of the MGM system (Pittarello et al.,
2022; Menta et al., 2020; Fiorini et al., 2022; Potapov et al., 2022).
Small cultivated surface of MGM can facilitate the adoption of these
agroecological practices, also including the more structural ones that
involve the whole redesign of agroecosystems (Selbonne et al., 2023),
leading to a long-term improvement in soil health and biodiversity. This
enhance the sustainability of microfarms (Ricciardi et al., 2021; FAO,
2015) while it could be more challenging as the farm dimension increase
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(Ricciardi et al., 2021).

The Acarina/Collembola ratio differed significantly between man-
agement systems, with MGM showing consistently higher values across
crops. This ratio is widely interpreted as an indicator of soil stability and
successional status, as Acarina are generally more tolerant of stable,
organic-rich environments, whereas Collembola often increase under
disturbance as it can be also for the higher Acarina/Collembola ratio
(Tabaglio et al., 2009; Menta et al., 2020). The observed increase in the
ratio under MGM therefore supports the interpretation of improved soil
conditions associated with this management system. The Acari/Col-
lembola ratio has been used as a synthetic descriptor in soil bio-
indication; however, its interpretation can be context-dependent
because both Acari and Collembola include groups with contrasting
ecology, and therefore the ratio is not universally reliable or directly
comparable across ecosystems. In the present pilot study, because Acari
and Collembola were analysed as aggregated groups, we interpret the
higher ratio under MGM as complementary evidence of a shift in
microarthropod community balance rather than as a stand-alone proxy
of disturbance. Diversity metrics further reinforced this pattern. Shan-
non diversity, Pielou's evenness, and Simpson's index were all signifi-
cantly higher under MGM, independently of crops. Higher values in
biodiversity indices of MGM can indicate an overall wider community
composition contributing to a greater provision of ecosystem services
(Ghaley et al., 2018; Jernigan et al., 2023; Coller et al., 2022; Mantoni
et al., 2021; Menta et al., 2020; Simoni et al., 2013; van Leeuwen et al.,
2019). The QBS-ar index values measured in the soils of this study are
consistent with those reported in previous studies conducted in arable
cropping systems. This suggests a soil biological quality ranging from
low to intermediate, as reported by Menta et al., 2018. However, the
higher index values observed under MGM in both crops highlight a more
conservative management system under this condition, which promotes
arthropod communities, particularly the most adapted and vulnerable
groups such as pauropods and symphylans. The marginal negative crop
effect observed for cabbage suggests that crop identity may modulate
QBS-ar values, but management remained the dominant driver. This
finding aligns with previous studies highlighting QBS-ar as a robust
integrative indicator of soil biological status, particularly in relation to
agricultural practices, and the higher values of QBS-ar index observed in
MGM compared to conventional farming can thus indicate enhanced
edaphic conditions in a more balanced soil ecosystem (Firbank et al.,
2017; Mantoni et al., 2021; Menta et al., 2018; Parisi, 2001; Parisi et al.,
2005; Sapkota et al., 2012).

The multivariate GLM analyses provided further insight by explicitly
contrasting macro- and microarthropod responses. Macroarthropod
communities were significantly affected by management, crop, and their
interaction at the multivariate level, indicating that management effects
on these taxa depend partly on crop context. Univariate tests revealed
that taxa, such as Isopoda and Diplopoda, responded positively to MGM
system, supporting their interpretation as disturbance-sensitive groups
associated with litter-rich and organic soils (Menta and Remelli, 2020).
The positive influence of MGM was also confirmed by the higher pres-
ence of taxa that are sensitive to soil disturbance, including Isopoda,
Symphyla, Diplopoda, and Diplura (Blasi et al., 2013; Menta and
Remelli, 2020; Parisi et al., 2005). In particular, the strong association
found for Isopoda with MGM can be explained by the reduced tillage and
minimal pesticide use (Paoletti and Hassall, 1999). Also, Diplopoda
abundance is considered a key indicator of sustainable management
systems (Dahiya et al., 2022). In contrast, microarthropod communities
showed weaker overall responses, with only a significant management x
crop interaction at the multivariate level and no strong univariate effects
for individual taxa. This divergence suggests that macro-arthropods may
be more responsive indicators of management-driven changes in soil
habitat quality at the studied sites, whereas microarthropods may be
more strongly regulated by fine-scale environmental conditions or
exhibit greater functional redundancy.

Notably, the clearest taxon-level signal supporting reduced
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disturbance under MGM was the higher abundance of Pauropoda and
Symphyla. These groups are often reported as highly sensitive to soil
stress and as characteristic of undisturbed soils, and their decline has
been linked to mechanical and chemical perturbations in intensive
management.

We therefore consider these taxa-level responses as particularly
consistent with the expected effects of MGM practices (reduced tillage,
permanent beds, and organic matter inputs). Taken together, these re-
sults support the conclusion that MGM system has positive effects on soil
biological quality and arthropod community structure at the investi-
gated sites. While indicator analyses highlighted taxa ecologically
consistent with improved soil conditions, we acknowledge that the
limited number of paired sites constrains broader generalization.
Therefore, rather than proposing universal indicator taxa for MGM
system, our findings are best interpreted as evidence of management-
related enhancement of soil habitat quality and macroarthropod com-
munities under the specific conditions studied. Thus, this research
should be considered as a pilot study, which results should be regarded
as exploratory, mainly supporting hypothesis generation and priori-
tizing future work with finer resolution.

Finally, positive outcomes observed in MGM correlate with organic
and conservative managements (Menta et al., 2020; Mantoni et al.,
2021; Coller et al., 2022) suggesting not only MGM may be a viable
option in a perspective of environmental sustainability for vegetable
supplying, but also strengthen the bifurcation hypothesis within certi-
fied organic management (Pépin et al., 2021).

5. Conclusions

This study highlights the environmental sustainability of MGM, as
the management strategies emphasize soil health and biodiversity, and
aims to reconsider detrimental practices in a perspective of environ-
mental sustainability. Permanent crop beds, controlled traffic, reduced
tillage and limited use of plant protection products resulted to be overall
suitable to sustain the soil fertility, by creating favorable conditions for
an abundant and diverse biotic community. Greater biodiversity is
linked to enhanced resilience and ecosystem functioning, offering a
range of ecosystem services that contribute to the overall agricultural
sustainability. As agricultural trends in developed countries shift toward
surface expansion and high input, MGM offers a promising alternative
for vegetable production by reducing environmental impacts, particu-
larly through their positive effects on SOM preservation and soil biotic
communities. To further advance the understanding of the potential
benefits and challenges of MGM, future research could focus on field
comparisons between certified organic farms and MGM systems. This
will help clarify the distinct effects of less soil disturbance from that of
plant protection products use, in order to steer the transition to more
sustainable agricultural systems.
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