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Abstract: Olive groves represent an important economic, agro-ecological, and cultural resource in the
Mediterranean Basin. Weed management plays a fundamental role in their sustainable management.
The aim of this work was to characterize and assess the plant diversity associated with different
weed control practices, in a homogeneous olive-dominated landscape in the South-East of Italy.
Sixty-five vegetation plots were sampled in orchards treated with different weed control practices:
mowing, tillage, and use of chemical herbicides. The multi-response permutation procedure was
used to test the hypothesis of no difference among the treatments. The relationships between
plots were visualized by means of non-metric multidimensional scaling ordination. A generalized
linear mixed model was used to analyze the relationships between weed control practices and
life forms, chorotypes, and diversity indexes. The results showed that the three weed control
practices determined slightly different plant communities. Chemically weeded orchards showed an
impoverished floristic composition and the lowest diversity, whereas mowing and tillage yielded
similar values. These latter two treatments differed for the percentages of hemicryptophytes and
therophytes. Moreover, different from other studies, we did not find plant species of particular
concern for biodiversity conservation. We hypothesize that this result is due to the monotonous
structure of the agro-landscape we investigated, where natural elements are almost lacking. From this
point of view, a correct management of agro-districts should consider both the agronomic practices
at the level of the individual olive groves and the structure of the agro-landscape.

Keywords: biodiversity; chemical herbicides; Mediterranean; mowing; olive groves; tillage; weeds

1. Introduction

The olive tree (Olea europaea L.) is an emblematic plant of the agricultural landscape
of the Mediterranean Basin, where it was cultivated by the most ancient civilizations
of the area [1]. Olive tree cultivations came to dominate many rural landscapes, and,
nowadays, the countries bordering the Mediterranean Basin include over 90% of the total
area worldwide, with the largest harvest areas being in Spain, Tunisia, and Italy [2]. As a
consequence, the olive tree represents an important economic, agro-ecological, and cultural
resource for this area [3,4]. It has traditionally been grown in extensive dry farming,
characterized by low densities and poorly mechanized. Since the 1970s, overall, the
adoption of irrigation and other mechanized management practices has deeply changed
olive-growing systems. The intensification of external inputs (e.g., herbicides), the increase
in tree density, as well as other technical improvements have increased productivity but
have also produced new threats to biodiversity [5].
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Biodiversity provides many ecological services in agro-ecosystems (beyond the pro-
duction of food), such as recycling of nutrients, regulation of microclimate and local
hydrological processes, suppression of undesirable organisms, and detoxification of nox-
ious chemicals [6]. The influence of weed management on agro-ecosystem biodiversity
has been demonstrated for several orchards and herbaceous crops, see for example [7–10].
Regarding olive groves, different weed control practices (WCPs) have been compared in
some European Mediterranean countries; it has been shown that soil management, as
well as having effects on soil quality, erosion, fertility, and carbon stocks [11–13], exerts a
strong effect on the diversity of some taxonomic groups, such as vascular plants, reptiles,
birds, and arthropods [8,14–19]. The ecological importance of olive groves for biodiversity
conservation has been highlighted by several authors, for example by [20–24]. Moreover,
under some circumstances, olive groves have been considered as forming “High Nature
Value” farmlands [25].

The ecological function of rural landscapes and the promotion of multifunctional
agriculture are important topics in agricultural–environmental policy within the European
Union [26]. The Common Agricultural Policy post-2020 supports actions among farmers to
reach goals such as improved landscape connectivity and supporting farms in High Nature
Value areas [26].

The scientific literature agrees that the level of biodiversity is a reliable indication of the
ability of an agricultural environment to provide services to the environment and human
healthiness [27]. Therefore, effective management of biodiversity of olive groves can have
a positive holistic impact on a large and significant area of the Mediterranean Basin.

In Italy, one of the world’s leading countries for olive production, nearly a third of
olive tree orchards are concentrated in the Apulia region [28]. In the central part of the
region, in some municipalities of the basal belt, olive cultivations can reach more than 90%
of the utilized agricultural area. This productive system is composed of a homogeneous
olive-dominated landscape, where natural habitats are poorly represented.

The aim of this study was to characterize and assess the plant diversity associated
with this important productive district, in relation to the main WCPs used in the area—here
broadly classified as tillage (Ti), mechanical mowing (Mo), and chemical herbicides (He).
This paper provides answers to the following questions:

• Do different WCPs lead to different weed communities?
• How do WCPs affect plant diversity?
• Finally, what recommendations can be drawn for a sustainable management of the

olive orchard agro-environments?

Different from other studies carried out on a few experimental plots concentrated
in only one or a few sites, where the agronomic practices can be precisely controlled, the
present work loses this precision but gains insights into the variability of weed communities
along the entire productive district in relation to the main WCPs used in the area.

2. Results

Considering all the analyzed plots, 161 taxa (species and subspecies) belonging to
138 genera were recorded. The mean number of taxa was 15 for chemical herbicides (He),
26 for mowing (Mo), and 27 for tillage (Ti). The most common species, recorded in more
than 60% of the relevés, were Lolium rigidum, Hypochaeris achyrophorus, Sonchus oleraceus,
Medicago orbicularis, and Erodium malacoides. All the taxa are widespread in the region
and lack any particular interest for biodiversity conservation (except two Serapias sp.
records). Many taxa occurred in only one or two plots, revealing a large number of
accidentals. Few taxa (except accidentals) turned out to occur exclusively in only one WCP
(Supplementary Table S1).

Checking for significant differences between weed control practices (WCPs; described
in the Material and Methods section), the multiple response permutation procedure (MRPP)
indicated significant differences in floristic composition between the groups of plots man-
aged with the different WCPs, both for presence/absence and abundance–dominance data.
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The T values, however, indicated a stronger separation between groups when considering
the species abundance–dominance values (Table 1).

Table 1. Results from multi-response permutation procedure (MRPP) tests of no differences among
weed communities—run on both presence/absence (P/A) and abundance–dominance (AD) data—
and pairwise comparisons between soil tillage (Ti), mowing (Mo), and chemical herbicides (He).

T A p-Values

Presence–Absence (P/A) −12.5 0.16 ≤0.001

P/A: Ti vs. He −11.07 0.16 ≤0.001
P/A: Ti vs. Mo −4.61 0.06 ≤0.001
P/A: Mo vs. He −10.77 0.15 ≤0.001

Abundance–Dominance (AD) −15.83 0.22 ≤0.001

AD: Ti vs. He −12.64 0.21 ≤0.001
AD: Ti vs. Mo −5.81 0.08 ≤0.001
AD: Mo vs. He −14.38 0.23 ≤0.001

The pairwise comparisons between the three groups showed the He group to be well
differentiated from the others. Therefore, a first main distinction is between Ti and Mo
from one side and He on the other.

The non-metric multidimensional scaling ordination (NMS, Figure 1), carried out to
visualize the floristic relationships among the three WCPs, resulted in a three-axes solution,
with a final stress of 17.6. The first two axes account for most of the variance, 43.4% and
21%, respectively (the third axis, not shown, explained 10.6%).
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Ric = Richness; Sh = Shannon index.

In the ordination diagram, the Mo and He groups are clearly separated by Axis 1, irre-
spective of the altitude of the vegetation plots. The Ti group—which is more differentiated
by Axis 2—partially overlaps the others, especially mowing.

Axis 1 turned out to be positively correlated with the Mediterranean chorotype and
with richness and Shannon indexes. Group He has a higher percentage of taxa with wide
distribution and lower diversity with respect to Mo.
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After a correlation analysis, the treatments were selected as predictors for a gen-
eralized linear mixed model (GLMM) model application. This analysis showed also
that tree density does not significantly affect the model. As expected, steno- and eury-
Mediterranean taxa prevail in the three groups, although they showed lower percent-
ages in orchards managed with chemical herbicides. Moreover, species with wide distri-
bution (Turanian–Mediterranean) are more represented in chemically weeded orchards
(Supplementary Table S2, Table 2).

Table 2. List of the response variables with significant predictors and p-values after GLMM application.

Response Variables Significant Predictors p-Values

Diversity

Richness Chemical herbicides ≤0.001
Shannon Chemical herbicides ≤0.001

Life forms

Hemicryptophytes Mowing ≤0.001
Therophytes Mowing 0.004
Chorotypes

Wide-ranging Chemical herbicides ≤0.001
Steno-Mediterranean Chemical herbicides 0.0131

Turano-Mediterranean Chemical herbicides ≤0.001
Eury-Mediterranean Chemical herbicides ≤0.001

Group He has lower diversity (richness and Shannon indexes) with respect to Mo and
Ti. Therophytes are the dominant life form everywhere (Supplementary Table S2). Ti and
Mo groups, however, differ in the percentages of hemicryptophytes and therophytes, being
higher and lower, respectively, in the Mo group (Table 2).

Regarding the analysis of indicator species, which was carried out to identify species
associated with the WCPs, the three groups and their combinations turned out to be
associated with few indicator species (IndSp), often with low indicator values (IndVals)
(Supplementary Table S1). Considering IndSp with IndVal > 25, three taxa were associ-
ated to Ti (Glebionis segetum, Avena sterilis, Melilotus sulcatus), five to Mo (Crepis bursifolia,
Galium murale, Astragalus hamosus, Geranium molle, Rostraria cristata), and only two to He
(Cardamine hirsuta, Capsella rubella). In addition, eight taxa avoid the orchards treated with
chemical herbicide (Urospermum picroides, Crepis sancta subsp. nemausensis, Avena barbata,
Hordeum murinum subsp. leporinum, Medicago truncatula, Anisantha madritensis, Sherar-
dia arvensis, and Lotus ornithopodioides) along with one in the Mo group (Senecio vulgaris
subsp. vulgaris). Seven IndSp yielded the highest IndVal for the trivial partition with all
the vegetation plots in only one group. Most of the IndSp are diagnostic species of the
Chenopodietea class and Brometalia rubenti-tectorum order, which include the Mediterranean
ruderal vegetation of anthropogenic habitats [29].

3. Discussion

The results show that different WCPs determined slightly different plant communities,
although the differences are clearer when considering the cover abundance of taxa rather
than their presence/absence. Orchards managed with chemical herbicides turned out
to be well distinguished from the others and characterized by an impoverished floristic
composition, with few IndSp, and lower diversity. Lolium rigidum and Erigeron canadensis
occur with high frequency in the three groups, but in He they represent the main dominant
taxa. It is likely that these are glyphosate-resistant biotypes [30,31], as their presence was
ascertained in the study area in which this herbicide is widely used [32].

It is well known that the use of chemical herbicides reduces biodiversity in olive
orchards as well as in other perennial crops [4,8,9,17,19,33,34]. Our findings confirm these
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data and show that the use of only chemical herbicides for weed control does not represent
a rational strategy.

In the past half-century, there has been a substantial divergence of intentions between
agronomy and ecologists [35]: the former interested in minimizing yield losses, the latter
in preserving ecosystem functionality. Subsequent considerations regarding sustainability
and new scientific acquisitions rely on a common set of ecological and agronomic principles
that bring together many fields of research [36]. More precisely, it is now a common belief
that increasing or maintaining high levels of biodiversity is a crucial goal in the sustainable
management of agro-environments [35,36].

First of all, the more diverse a weed community is, the less competitive it is, because
the phenotypic differentiation among species contrasts the impoverishing of resources [36].

Regarding pest management, ecological bases of interactions between weeds and
other organisms (including beneficial) are debated, for example, by Norris and Kogan [37],
Norris [38], and Barberi et al. [27]. Moreover, the fauna community is strongly linked to
natural flora, which provides biomass, pollen, cover, and reproduction sites. For instance,
Marshall et al. [39] reported that at least 15 genera of weeds are very important, important,
or present in the diet of birds of agricultural lands and highlighted the strong relationship
between insects and weeds.

Another important issue is the economic subsistence of companies and its link with
biodiversity. An interesting interpretation is reported by Gerowit et al. [40]; the multi-
functional performance of agriculture is commonly used as an important factor to argue
about the transfer of public money into agriculture. If farmers are required to also produce
ecological goods, they need to produce, first of all, biodiversity, which is the main indicator
of the ecological performance of agro-ecosystems [6]. In this type of approach, weed
diversity can be used to detect environmentally friendly cropping systems [40].

Obviously, density or total biomass must be reduced in the period of the year, such as
spring and summer, in which weeds can compete for minerals and water, but weed control
strategies must ensure the improvement or the maintenance of a high level of diversity.

Integrated weed management is “the application of numerous alternative weed control
measures, which include cultural, genetic, mechanical, biological, and chemical means
of weed control” [41]. This approach to weed control has been reported to improve
biodiversity [42,43]. We show that tillage and mowing positively affect biodiversity and
thus they can be highly recommended, unlike the chemical management of weeds.

From a properly ecological point of view, our study shows that the percentages of
therophytes were higher in Ti, where soil tillage brought back vegetation toward the initial
stages of the succession, whereas hemicryptophytes, which take advantage in undisturbed
soils, as already observed by other authors [7,15], were higher in the Mo group.

Different from other studies that reported a higher biodiversity for mowing [15,44],
our results showed that Ti and Mo yielded similar values of the diversity indexes. These
different findings could be related to other variables, such as the landscape structure
(and function).

Even if our study area was highly homogeneous, it was characterized by a myriad of
smallholder farms, among which a great variability of management techniques is observed,
according to the choices and needs of different owners (see description in Material and
Methods section). Therefore, different control techniques and different times of weed
removal determine different ecological conditions.

It is reasonable to hypothesize that this extreme fragmentation, not of the land use
but of soil management techniques and timing, allows a consistent species flow between
neighboring fields, and few taxa were found to be exclusive to just one of the treatments.

Simoes et al. [15] showed that mowing and tillage determine different permeabilities
to species flow: Ti favors pioneer annual species, typical of highly disturbed environments,
whereas Mo is more permeable to species of “ecologically diverse communities, with a high
natural value”. However, in the olive production district that we have considered, natural habi-
tats are almost completely lacking. Therefore, the indicator species associated with Mo and
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Ti belong almost only to ruderal syntaxa, such as Chenopodietea (Brometalia rubenti-tectorum),
Sisymbrietea, and Papaveretea rhoeadis (Supplementary Table S1).

In addition, we did not find taxa of particular concern for biodiversity conserva-
tion (i.e., endangered, rare, or endemic taxa). However, this is not always true, as many
other studies have stated the importance of olive groves for the conservation of biodi-
versity [16,22,25,44–47]. Actually, the lack of endangered or rare plant taxa in our study
area was somehow expected due to the monotonous and specialized olive-growing agro-
landscape and almost a total lack of natural elements, such as forest remnants. This
monotonous landscape thus seems unsuitable to host a wide range of wild species. On
the contrary, if the landscape contains suitable natural habitats, then olive orchards can
also be used by wild species. Most of the endemic and endangered taxa recorded by
Radić Lakoš et al. [44] for the olive orchards near Šibenik (Croatia) are ingressive from
neighboring semi-natural grasslands of the Scorzoneretalia villosae (i.e., the Amphiadriatic
order including dry steppic, submediterranean pastures [48,49]). Carpio et al. [19] have
demonstrated that natural elements, orchard hedgerows in particular, have a positive effect
on weed communities and the soil seed bank. However, those authors also observed a
low relationship between the seed bank and the weed community. The importance of
the landscape structure for weed richness was also highlighted by Gabriel et al. [50] who,
however, showed this relationship for the weed community of an arable field.

The importance of the agro-landscape structure, and in particular the presence of forest
patches, has also been highlighted for other taxonomic groups, such as frugivorous birds
and bats [51–55]. It has been shown that forest patches are also important for maintaining
soil biodiversity [17] and that agro-landscape complexity (i.e., presence of different land-
cover classes) positively affects arthropod richness [18].

The given explanation of those different results is also supported by the work of
Allen et al. [56] who found in the traditional olive cultivation of Crete (Greece) many
herbaceous species widespread in a variety of ruderal habitats, such as road verges, and
hypothesized that an intensification of cultivation would lead to a decrease in diversity of
both ground flora and insects, birds, and mammal fauna.

In accordance with some authors [53,55,57], our results suggest that the biodiversity of
olive groves depends on both local management practices and the agro-landscape structure.
In other words, the importance of olive groves as a habitat suitable for rare taxa is greatly
reduced by the homogeneity of the agro-landscape and by the lack of natural elements
(e.g., semi-natural grasslands, woodlands). Therefore, proper management of agro-districts
should consider both practices at the level of individual olive groves and the structure of
the agro-landscape, as heterogeneity and the presence of natural elements can improve
biodiversity [50].

4. Material and Methods
4.1. Study Area

The study area consists of one of the most important productive olive districts of the
Apulia region, situated between the cities of Bari and Barletta (Figure 2), and extends from
the coast toward the hinterland for nearly 15–20 km, with an altitudinal gradient ranging
from a few dozen meters up to 350 m above sea level. The geological substrate is fairly
homogeneous and consists of limestone and calcarenites.

According to Rivas-Martínez et al. [58], the bioclimate is Mediterranean pluvioseasonal-
oceanic, with a dry ombrotype. A main altitudinal gradient goes from the coast, where the
thermotype is thermomediterranean (e.g., Bari, Barletta), toward the hinterland, where it
becomes mesomediterranean (e.g., Corato). A second weaker gradient of continentality
(slightly higher in the north-western part of the study area) is parallel to the coast. There
is quite a homogeneous olive-dominated landscape with orchards that can be defined as
intensified traditional in terms of the use of external inputs (e.g., mechanization, chemicals,
water). According to the description made by Pienkowski and Beaufoy [4] for olive trees
in the EU, they are an intermediate type of olive orchard between “low-input traditional
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plantations and scattered trees, [ . . . ] which are managed with few or no chemical inputs”
and “intensive modern plantations of smaller tree varieties, planted at high densities”. The
area is also characterized by an extreme fragmentation of the land ownership (80% of farms
do not exceed 3 ha, as reported by the Italian agricultural census of 2010).

Plants 2021, 10, x FOR PEER REVIEW 7 of 12 
 

 

the coast toward the hinterland for nearly 15–20 km, with an altitudinal gradient ranging 
from a few dozen meters up to 350 m above sea level. The geological substrate is fairly 
homogeneous and consists of limestone and calcarenites. 

 
Figure 2. Map of the study area (Apulia region, South-East of Italy). The map was created from 
templates obtained from: https://d-maps.com/carte.php?num_car=2329&lang=it (accessed on 28 
May 2020) and https://d-maps.com/carte.php?num_car=7965&lang=it (accessed on 28 May 2020). 

According to Rivas-Martínez et al. [58], the bioclimate is Mediterranean 
pluvioseasonal-oceanic, with a dry ombrotype. A main altitudinal gradient goes from the 
coast, where the thermotype is thermomediterranean (e.g., Bari, Barletta), toward the 
hinterland, where it becomes mesomediterranean (e.g., Corato). A second weaker 
gradient of continentality (slightly higher in the north-western part of the study area) is 
parallel to the coast. There is quite a homogeneous olive-dominated landscape with 
orchards that can be defined as intensified traditional in terms of the use of external inputs 
(e.g., mechanization, chemicals, water). According to the description made by Pienkowski 
and Beaufoy [4] for olive trees in the EU, they are an intermediate type of olive orchard 
between “low-input traditional plantations and scattered trees, […] which are managed 
with few or no chemical inputs” and “intensive modern plantations of smaller tree 
varieties, planted at high densities”. The area is also characterized by an extreme 
fragmentation of the land ownership (80% of farms do not exceed 3 ha, as reported by the 
Italian agricultural census of 2010). 

In the context described above, several olive groves were chosen in which weeds 
were managed by farmers with different strategies (WCPs) that were classified into three 
broad categories: (1) chemical herbicides (He), including various types of treatments, 
although foliar ones (glyphosate) are the most commonly used in the area; (2) mowing 
(Mo), i.e., mechanical shredding of the aboveground portion of weeds without any soil 
disturbance and leaving residues covering the soil; (3) soil tillage (Ti), with various 
techniques, although the most common is to use a shallow (at least 20–25 cm) disk or chisel 
plowing, operating without the inversion of soil, i.e., only stirring it. 

Information about WCPs was obtained through interviews with local farmers or 
based on our knowledge, particularly in farms for which we knew the soil management 
practices or in which there was full evidence of the techniques used. 

Cases where an integrated management was evident, i.e., conducted using multiple 
techniques, were excluded. The permanent or semi-permanent vegetation cover with 
cover crops has not been taken into consideration as this practice is rare in the investigated 
area. 

Figure 2. Map of the study area (Apulia region, South-East of Italy). The map was created from
templates obtained from: https://d-maps.com/carte.php?num_car=2329&lang=it (accessed on 28
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In the context described above, several olive groves were chosen in which weeds were
managed by farmers with different strategies (WCPs) that were classified into three broad
categories: (1) chemical herbicides (He), including various types of treatments, although
foliar ones (glyphosate) are the most commonly used in the area; (2) mowing (Mo), i.e.,
mechanical shredding of the aboveground portion of weeds without any soil disturbance
and leaving residues covering the soil; (3) soil tillage (Ti), with various techniques, although
the most common is to use a shallow (at least 20–25 cm) disk or chisel plowing, operating
without the inversion of soil, i.e., only stirring it.

Information about WCPs was obtained through interviews with local farmers or based
on our knowledge, particularly in farms for which we knew the soil management practices
or in which there was full evidence of the techniques used.

Cases where an integrated management was evident, i.e., conducted using multiple
techniques, were excluded. The permanent or semi-permanent vegetation cover with cover
crops has not been taken into consideration as this practice is rare in the investigated area.

4.2. Vegetation Sampling

The sampling of weed vegetation was spatially stratified in order to include sample
plots along the two main bioclimatic gradients and further stratified according to the three
WCPs. In all, in three years (2016–2017–2018), we selected 65 olive orchards for which we
were able to obtain information on how they had been treated. Nearly half of the selected
sites were at an altitude lower than 200 m a.s.l. (8 He, 13 Mo, and 12 Ti) and another half at
higher altitudes, up to 350 m (10 He, 10 Mo, and 12 Ti).

Weed vegetation was sampled by using the phytosociological method [59]. For each
selected olive orchard, a plot with rectangular shape (5 × 3 m or 2 × 7.5 m) was surveyed,
almost the same size as that proposed by Chytrý and Otýpková [60] for synanthropic
herbaceous vegetation. They were arranged with their longest axis falling parallel to the
orchard inter-row so that the olive trunks and their tree circles were excluded. Here, in

https://d-maps.com/carte.php?num_car=2329&lang=it
https://d-maps.com/carte.php?num_car=7965&lang=it
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fact, weed vegetation is often affected by practices other than WCPs (e.g., fertilization).
Relevés were located where vegetation cover was at least 60% and at least 4 m away from
the orchard borders. Vegetation was sampled between April and the beginning of May,
which is immediately before the first spring weed control made during the vegetative
growth of olive trees, when the effects of different management practices are clearer. For
every relevé, the complete list of vascular plant taxa was recorded. Importance values
of taxa were estimated by using the Braun-Blanquet scale [61]; however, these values
were replaced by the ordinal scale before the statistical analysis, as proposed by Lepš
and Hadincová [62]. Life forms and chorological spectra weighed by taxon scores were
calculated for every relevé, on the basis of information provided by Pignatti et al. [63] for
Italian flora. Based on the list of diagnostic species provided by Mucina et al. [49] (see
also: https://www.synbiosys.alterra.nl/evc/, accessed on 28 March 2020) for European
vegetation types, taxa reported in Supplementary Table S1 were associated with one or
more syntaxa. The taxonomic nomenclature follows the Euro+Med PlantBase [64].

The floristic diversity of relevés was estimated through the richness and Shannon
indexes [65]. Species were considered of conservation interest if they were included in
regional [66,67], national [68,69], or European [70] red lists of plants, if their distribution
was limited to a restricted area (endemic taxa) [63], or if they have been indicated as rare in
the region [1].

4.3. Statistical Treatments of Data

The multi-response permutation procedure (MRPP) [71] was used to test the hypoth-
esis of no difference among the three WCP groups of relevés. MRPP tests were run on
both presence/absence and abundance–dominance data. The average distances within the
three groups were calculated with the Bray–Curtis coefficient. The statistic A expresses the
heterogeneity within groups, with A being between 0 (heterogeneity equals expectation
by chance) and 1 (all the plots are identical). The test statistic T describes the separation
between groups: the stronger the separation, the more negative it is [65,72].

The relevés were ordinated through non-metric multidimensional scaling (NMS) by
using the Bray–Curtis coefficient as a dissimilarity measure. NMS was run using the “slow
and thorough” autopilot mode in Pc-Ord 6.22 [72]. In the ordination diagram, life forms
and chorological spectra weighed by taxon scores were plotted as vectors on a joint plot,
with a cut-off threshold of R = 0.3. The altitude of the sampled plots, here used as a proxy
of bioclimatic conditions, and richness and Shannon indexes were also passively projected
into the ordination diagram.

A generalized linear mixed model (GLMM) was used to analyze the relationships
between WCPs and life forms, chorotypes, and richness and Shannon indexes. The GLMM,
performed through the R package glmmTMB [73], was designed to overcome the con-
straints of the classic linear multivariate model, namely the Gaussianity and the indepen-
dence of the residuals. The number of models processed were 17 but only models with
significant outcomes (9) were reported. Richness, Shannon index, Therophytes, Hemicryp-
tophytes, Fabaceae, wide distribution, steno-Mediterranean, Eury-Mediterranean, and
Mediterranean-Turanian taxa were the response variables. During the feature selection
stage, all the potential predictors were checked to assess their explanatory capability. Ele-
vation proved to be significant only for Boreal and Steno-Mediterranean taxa (as expected),
therefore it was discarded from the analysis. The sole covariate used was the factor man-
agement. Gaussian distribution was adopted. The GLMM in matrix form can be expressed
as follows: Y = Xβ + Zγ + ε, where Y is a N × 1 column vector, the response; X is a
N × p matrix of the p predictor variables; β is a p × 1 column vector of the fixed-effects
regression coefficients; Z is the N × q design matrix for the q random effects; γ is a q × 1
vector of the random effects; and ε is a N × 1 column vector of the independent residu-
als, which is part of observed Y that is not explained by the model Xβ + Zγ. Indicator
species analysis (ISA) [74] was used to identify the indicator species (IndSp) associated
with the three WCP groups and their combinations [75]. For each taxon with more than
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2 occurrences, we calculated the indicator value index (IndVal) for the three WCP groups
and their combinations. Each taxon was thus associated with the group or combination
of groups for which its IndVal yielded the highest value. A randomization (Monte Carlo)
test with 10,000 permutations was used to evaluate the statistical significance (p < 0.05) of
the IndVal. Indicator species were also calculated for the trivial partition containing all
the vegetation plots in only one group [74]. MRPP, NMS, and ISA were performed using
PCORD, version 6.22 [72].

5. Conclusions

This study shows that different weed control practices determine different olive or-
chard weed communities. A lower plant diversity was associated with orchards treated by
chemical herbicides, as stated by many other authors, whereas no appreciable differences of
plant diversity were observed between mowing and tillage. In addition, plant taxa of partic-
ular conservation concern were lacking in all the treatments, except two Serapias sp. records,
which could be of a certain conservation interest as reported by Wagensommer et al. [76].
We interpreted these findings assuming that diversity is affected by processes acting at
multiple spatial scales, such as local management techniques on one side and landscape
functioning (e.g., species flow), on the other. In particular, homogeneous olive-dominated
landscapes, without natural elements, such as hedgerows, woods, or semi-natural grass-
lands, lose importance for biodiversity. In a nutshell, when lacking natural (source) habitats,
olive orchards cannot represent (sink) suitable habitats for wild species. Comparing our
results with other studies allowed us to hypothesize that orchards managed by mowing
could be more permeable to rare and endangered species than those treated by tillage.
Overall, our results suggest that the relationships among weeds, weed management, and
agro-ecosystem services should be related to the agro-landscapes context in the debate
about the multifunctional role of Mediterranean olive groves.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants10061090/s1, Table S1: Vegetation plots from olive orchards managed with dif-
ferent weed control practices (WCPs): chemical herbicides (He), tillage (Ti), and mowing (Mo).
Chen = Chenopodietea; Sisy = Sisymbrietea; Papav = Papaveretea rhoeadis; St-T = Stipo-Trachynietea dis-
tachyae; Brom = Brometalia rubenti-tectorum; Table S2: Chorological and life forms spectra weighed by
taxon scores.
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