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Abstract: Gaining a comprehensive understanding of how weed communities respond to both
environmental and human-induced factors is of paramount importance in developing effective
and ecologically sound weed control strategies. The objectives of the current research were to
(1) assess the effect of the main weed management practices used in Greek olive groves on weed
species’ diversity; (2) explore the filtering effect of management, site, and soil variables in determining
weed species’ composition; and (3) shed light on the association between weed species” composition
and the diversity of the understory vegetation of olive groves. To accomplish these objectives, winter
weed species’ coverage was assessed in 116 olive groves, both conventional and organic, distributed
across three provinces in southern Greece. The investigation encompassed 29 explanatory variables,
categorized into three groups: soil (22), management practices (6), and site conditions (1). It was
confirmed that glyphosate use may lower biodiversity and species richness; however, this trend
was not universal. In fact, the negative influence of the presence of Oxalis pes-caprae L. on species
richness and diversity far outweighed the effect of spraying glyphosate. Redundancy analysis (RDA)
revealed that among the 29 variables used to describe the ecological niche, eight (i.e., Mn, Mg,
chemical spraying, mowing, rotary tiller, grazing, irrigation, and elevation) were significant and
explained 21.5% of the total variation in weed species” data. Interestingly, the soil Mn concentration
was identified as the most influential one, highlighting the importance of soil micronutrients in
determining weed species’ composition. The variation partitioning procedure demonstrated that
the effect of the management variables on weed species’ composition accounted for 2.2 times the
variance of soil variables and 4.5 times the variance of elevation. The present findings might help to
enhance optimal management in olive groves that can sustain the biodiversity of flora and, in turn,
provide various ecosystem services to agro-ecosystems.

Keywords: olive groves; biodiversity; weed flora; soil properties; weed management; glyphosate;
redundancy analysis
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1. Introduction

Weed biodiversity plays a key role in supporting food webs and ecosystem services
in agro-ecosystems [1]. According to Gerowitt et al. [2], agricultural systems have a clear
human-centered perspective in which biodiversity will offer not only positive functions
(“services’) but also negative ones (‘disservices’). Therefore, finding a balance between weed
management and biodiversity is one of the greatest challenges of sustainable agricultural
production. Previous studies have identified the lack of subsidies as a major constraint
for the adoption of practices that encourage the diversity of weed communities [3]. To
overcome this barrier in Europe, the new common agricultural policy (CAP: 2023-27)
contains a number of policy reforms (e.g., ‘eco-schemes’) to reward farmers for undertaking
actions that are beneficial to the climate, environment, water quality, and biodiversity.

Olive groves are an ideal study model for several reasons. Olive (Olea europaea L.) is
one of the most extensively cultivated tree crops in the Mediterranean basin and has been
playing an important role in the socioeconomic life of the region since ancient times [4,5]. In
Greece, traditionally managed olive groves have been identified as important habitats that
often support a rich ground flora [6]. However, over the last three decades, olive cultivation
has experienced a considerable intensification process (e.g., greater mechanization and
use of herbicides), leading to rapid landscape changes with significant environmental
impacts [6,7]. Finally, it is widely acknowledged that olive trees’ productivity can be
limited by weed competition, depending on the weed flora and their density [8].

Understanding how weed communities respond to environmental and human-induced
factors is essential to develop efficient, sustainable, and ecologically sound weed control prac-
tices [9,10]. So far, most of the studies have focused on the effect of management practices or
cultivation systems [11-14] on weed communities in olive groves, but the combined effect of
both management and environmental drivers has rarely been considered [6]. This does not
imply that the combined filtering effect of management practices and environmental factors has
not been tested in other perennial crop systems [10,15,16]; however, there are substantial differ-
ences among perennial crop systems (e.g., olive groves vs. vineyards) in terms of agro-ecological
conditions, which make extrapolation of the findings risky.

Recent research on weed communities in olive groves has shown that management
practices can significantly influence weed species’ composition and diversity [14,17-19].
Generally, the use of chemical herbicides decreases weed diversity in olive orchards, as
well as in other perennial crop systems, whereas mowing promotes richer communities
with more abundant species [14,16,20,21]. Additionally, concerning the effects of environ-
mental factors on the ground flora of olive groves, it has been demonstrated that variables
such as the soil’s characteristics, the slope aspect, and the slope angle may account for
approximately 60% of the species—environment relationships [6].

Existing evidence on the importance of environmental and management practice filters
in shaping weed assemblages is quite variable in the literature. On one hand, there are
studies indicating that the weed species” composition in farmlands may primarily be deter-
mined by environmental factors such as soil texture, pH, and the soil’s properties [22-24].
On the other hand, there are studies indicating that human management factors have a
bigger impact on weed diversity than environmental factors [3,15]. Fried et al. [16] empha-
sized the difficulties in evaluating how management practices influence the composition
of weed communities. It was concluded that knowledge of the soil’s characteristics can
provide insights into the types of weeds that are likely to thrive in specific environments,
which can be influenced by the combination of practices applied.

The objectives of the current research were to (1) assess the effect of the main weed man-
agement practices used in Greek olive groves on weed species’ diversity;
(2) explore the filtering effect of management, site, and soil variables in determining
weed species’ composition; and (3) provide further insight into the association between
weed species’ composition and the diversity of the understory vegetation of olive groves.
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2. Materials and Methods
2.1. Study Areas and Data Collection

A survey of one growing season (late February to March) was performed in 116 olive
groves with an area ranging from 0.025 to 6.1 ha across three geographical areas in southern
Greece: Chora (Regional Unit of Messenia, Peloponnese), Meramvello (Regional Unit
of Lasithi, Crete), and Peza (Regional Unit of Heraklion, Crete). Following Emberger’s
bioclimatic classification [25], Chora is characterized by sub-humid climatic conditions,
while Peza and Meramvello are by semi-arid. The study sites (Figure 1) were selected on the
basis of the following criteria: (a) distribution within the studied areas and the landscape’s
variability, (b) soil texture and properties, and (c) farming practices/production. The olive
trees in the study sites varied in age from 24 to 224 years old, with an average age of
74 years and a median age of 59 years.
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Figure 1. Location map (a) of Greece, showing the sampling sites (purple dots) (b) in Chora,
(c) in Peza, and (d) in Meramvello. This map was produced by the authors using ArcGISPro 3.0 Patch
2 (3.0.2) software (@esri.com; no copyrighted material was used).

Soil properties were determined through soil sampling and subsequent physico-
chemical analyses [26]. Soil samples were collected (0-30 cm depth) and each sample
consisted of four to eight sub-samples. A zig-zag pattern of sampling was applied to
minimize variability in the findings. An average composite sample represented an area
of up to 1 ha. After removing the fresh plant debris, the samples were air-dried and
passed through a 2-mm sieve. Particle size distribution was determined by the Bouyoucos
hydrometer method [27], and pH was measured in a saturated soil paste. Soil carbonates
were determined by the volumetric calcimeter method [28]. The method of ammonium
acetate (1 N at pH 7) was used for exchangeable cations [29], and cation exchange capacity
(CEC) was determined by the ammonium acetate method [30]. A modified wet-digestion
Walkley and Black method [31] was used for determination of the organic matter, and
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plant-available P was determined by the Olsen method [32]. The azomethine-hydrogen
method [33] was used to determine plant-available boron (B), while the available forms
of Fe, Cu, Zn, and Mn were determined by extraction with 0.005 M diethylene-triamine-
penta-acetic acid [34].

For the collection of data concerning the long-term agricultural practices that farmers
follow in each of their fields, they were interviewed, and all the relevant information was
recorded. It was observed that the farmers used various strategies to manage weeds, which
were categorized into five broad groups:

(@) Untreated olive groves or no treatment (used as the control in the current study)

(b) Mowing: This involved 1-5 passes (average: 1.26; median: 1) from March to July
(primarily in May) to trim weeds to a height of approximately 5 cm above the ground.

(c) Rotary tiller: Farmers conducted 1-2 passes (with an average of 1.2 and a median of
1) from March to July, mainly in April, at a depth of <10 cm.

(d) Animal grazing: Sheep and goats were used for grazing.

(e) Herbicide application (glyphosate): This method involved 1-2 sprays (average: 1.2;
median: 1) with glyphosate. The application rate of glyphosate varied among the areas
due to differences in the targeted weeds and local practicalities [35]. In Chora and
Peza, glyphosate was applied in the surveyed sites after the onset of rainfall between
February and early April (primarily in March), while in Meramvello province, there
was no use of herbicides for weed control.

Data on weed species were collected at the seasonal peak of winter weed vegetation
specifically from late February to early March. The survey period was chosen because it
provided information on the winter weed species existing prior to the application of the
management. Weed sampling was carried out in four randomly selected plots in each olive
grove (quadrat size = 1 x 1 m), and the percentage of cover of the winter weed population
was estimated visually [23]. Due to the phenological development stage of some weed species
at the time of the survey, some of the weeds found were only recorded at the genus level.

2.2. Data Analysis

Weed diversity was estimated from the species richness R (number of species per m?),
the Shannon-Wiener index (H), Simpson’s diversity index (A) and Pielou’s evenness index
(J)- The H, A, and ] were calculated as described by Travlos et al. [36].

Differences concerning the biodiversity indices (i.e., Shannon’s, Simpson’s, Pielou’s
index, and species richness) in the different surveyed regions were tested by analysis of
variance (ANOVA) one-factor analyses. Prior to the analyses, all data were tested to ensure
compliance with the assumptions of normality (Shapiro-Wilk test) and homoscedasticity
(Levene’s test). When the data failed to follow a normal distribution, the analysis was car-
ried out by applying the Kruskal-Wallis (K-W) test. Multiple comparisons were performed
using the protected least significant difference (LSD) procedure at p < 0.05. The analyses
were conducted using SPSS statistical software (IBM SPSS Statistics for Windows, Version
22.0, IBM Corp. Armonk, New York, NY, USA).

Gradient analyses were performed using the software CANOCO 4.5 for Windows
(Biometris, Plant Research International, Wageningen, The Netherlands). Before the analy-
ses, the species data were log-transformed, and the explanatory variables were standard-
ized. Only the species with >10 occurrences were included in the analyses. A pre-test
in the form of a detrended correspondence analysis (DCA) was used to decide about the
most suitable ordination method using the length of the community composition gradients
in units of species turnover as a criterion [37]. The output of the DCA showed that the
maximum gradient lengths of the first four axes were all less than 3 (lengths of the gra-
dients: 2.57 for Axis 1; 1.78 for Axis 2; 1.82 for Axis 3; 1.54 for Axis 4), indicating a linear
relationship between plant species’ mean cover values and the explanatory variables. Thus,
the relationship between weed species” composition and the explanatory variables was
assessed using redundancy analysis (RDA) [37,38]. To detect possible collinear constraints,
an initial RDA was undertaken with all the explanatory variables (Table 1). The number
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of explanatory variables was further decreased by applying the manual forward selection
procedure (Monte Carlo permutation tests under the full model; the number of permuta-
tions was 999). Only the explanatory variables with p < 0.05 remained in the analysis. The
association between weed species’ composition and the different biodiversity indices (i.e.,
Shannon’s, Simpson’s, Pielou’s evenness index, and species richness) was explored using
redundancy analysis (RDA) (999 permutations under the full model) [39].

Table 1. List of continuous and categorical variables with their units of measurement, range, and
mean values.

Range Mean

Variable Unit All Sa.mpllng Peza Meramvello Chora
Sites

Site
Elevation m 3-568 372.30 208.00 184.00
Management variables
Irrigation (water) - Yes—no
Rotary tiller - Yes—no
Grazing - Yes—no
Without control ! - Yes—no
Mowing - Yes—no
Chemical (herbicide: glyphosate) - Yes—no
Soil variables
Sand ! % 13.2-75.60 35.28 34.35 39.02
Silt ! % 10.4-50 34.43 30.93 36.45
Clay 2 % 10-53.60 30.29 34.72 24.53
CEC! meq/100 gr 5.71-36.41 19.48 19.06 16.03
pH! - 4.9-7.90 7.70 7.23 7.36
EC! mS/cm 0.25-2.99 0.76 0.94 0.53
c? % 0.47-2.88 1.66 2.09 1.22
Soil organic matter (SOM) 1 Y% 0.94-5.76 3.32 4.19 2.44
CaCO5 ! % 0.05-88.00 46.37 3.12 26.88
ESP! % 0.454-12.09 1.27 2.21 1.95
NO;-N'! mg/kg 3.03-81.9 18.41 21.22 13.12
Ntot ! mg/kg 650-4600 2537.78 2130.25 1681.53
Na 13 mg/kg 19-460.00 35.28 34.35 39.02
K13 mg/kg 56-1350 348.83 494.68 155.28
Cal? mg/kg 507-7618 3624.70 2904.11 3213.93
Mg mg/kg 39-813 127.26 227.15 143.54
pl3 mg/kg 1.15-82.62 14.29 18.79 12.74
Cul? mg/kg 0.54-115.00 3.27 17.50 13.97
Fe 13 mg/kg 3.35-135.60 7.73 34.14 18.53
Zn 13 mg/kg 0.25-5.96 0.94 1.78 0.63
B13 mg/kg 0.02-3.87 1.07 1.16 0.51
Mn 3 mg/kg 0.69-41.5 5.20 2.47 9.41

1 Variables dropped during the forward selection process. 2 Omitted variables due to collinearity.
3 Amounts available to plants.

Similar to the approach of Lososova et al. [40], the marginal (in line with the ‘gross
effects’) and conditional effects (in line with the ‘net effects’) of each explanatory variable
were assessed using the automatic forward selection procedure, with the best k being equal
to the number of variables. According to Leps and Smilauer [37], the marginal effect is
defined as the independent effect of each environmental variable (i.e., equal to the variation
explained in an RDA when the studied variable serves as the only explanatory variable).
The conditional effect, on the other hand, is defined as the effect that each variable brings
in addition to all the variables already selected.
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The variation partitioning procedure followed the concept of Borcard et al. [41] and was
based on the methodology provided by Leps and Smilauer [37], using a partial RDA. The goal of
this procedure is to quantify the effects (and their overlap) of two or more groups of explanatory
variables representing some distinct, ecologically interpretable phenomena [37].

3. Results

During the winter weed surveys, in total, 93 weed species or genera belonging to
28 botanical families were recorded. The complete list of all species is shown in the
Supplementary Table S1. Oxalis pes-caprae L. was the most dominant weed species in Peza
(frequency: 92.5%; mean cover per site: 35.2%) and Meramvello (frequency: 92.5%; mean
cover per site: 40.2%). Even though Calendula arvensis had the highest frequency (69.4%) in
Chora, Bromus spp. (10.2%) had the highest mean cover.

3.1. Responses of Plant Diversity to Weed Management Practices

In Chora, none of the estimated biodiversity indices (i.e., Shannon’s, Simpson’s,
Pielou’s evenness index, and species richness) was significantly affected by the weed
management practices (Shannon’s index: p = 0.3855; Simpson’s index: Kruskal-Wallis test,
p = 0.450; species richness: p = 0.1916; evenness: p = 0.5040) (Figure 2). On the contrary, the
weed management strategies adopted in Peza exerted a significant effect on the understory
vegetation of olive groves (Shannon’s index: p = 0.0021; Simpson’s index: Kruskal-Wallis
test, p = 0.0034; species richness: p = 0.0001; evenness: p = 0.0005). Compared with the con-
trol, plant diversity in Peza increased under all weed management treatments, as revealed
by Shannon’s index and the species richness. Surprisingly, chemical spraying presented by
far the highest values in Shannon’s index and species richness, and the lowest concerning
Simpson’s index. Chemical spraying also had the highest value of Pielou’s evenness index
but without a statistical difference from the control. Between the mowing and rotary tiller
treatments, there were no statistically significant differences.

In the surveyed olive groves of Meramvello, no treatment (control) and grazing were
the only weed management practices (Figure 3) applied. Compared with the control, Shan-
non’s index and species richness under grazing increased by 47.4 and 52.9%, respectively,
whereas Simpson’s index decreased by 33.2%. No significant difference was recorded
concerning Pielou’s evenness index (p = 0.8923).

3.2. Factors Affecting the Weed Community’s Composition

The variation in weed species’ composition across the 116 surveyed fields was deter-
mined using RDA (Figure 4). The full RDA model, including 27 explanatory variables,
explained 36.8% of the variance, whereas the reduced model, comprising eight predic-
tor variables (i.e., soil variables: Mn and Mg; management variables: chemical spraying,
mowing, rotary tiller, grazing, and irrigation; elevation) still explained 21.5% of the total
variation in weed species’ data (Table 2). The first two RDA axes explained 10.6% and
3.3% of the changes in weed species, respectively. According to their conditional effect,
the most important variables influencing weed species” composition were, in decreasing
order, Mn, chemical application or herbicides, mowing, and elevation (Table 3). These four
variables together explained 15% of the total variation in weed species’ data. In addition,
Mn also had the highest marginal effect. Although SOM, together with chemical spraying
and mowing, recorded the second largest marginal effect (4%), it did not qualify for the
final model due to the adoption of the 0.05 probability threshold level for entry.

On RDA Axis 1, weed species’ composition was mainly discriminated by Mn (0.50),
mowing (0.35), and chemical spraying (—0.32) (Table 3). Oxalis pes-caprae L. and Phelipanche
ramosa (L.) Pomel (syn. Orobanche ramosa) showed the highest negative relationship with
soil Mn content, as well as a moderate positive association with the rotary tiller practice.
In contrast, Calendula arvensis L., Geranium spp., Anthemis arvensis L., Bromus spp., Lolium
spp., and Medicago spp. had a clear positive relationship with soil Mn content and were
also favored by mowing. The second axis mainly reflected the changes in weed species’
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composition due to chemical spraying (0.42) and, to a lesser extent, due to grazing (—0.26),
mowing (—0.24), and irrigation (0.21). Ferula communis L., Oxalis pes-caprae L., Vicia spp., and
Tordylium apulum L. showed the highest susceptibility to chemical spraying (i.e., glyphosate),
whereas Malva sylvestris L., Erodium spp., and Euphorbia spp. had the lowest. Ferula
communis L., Vicia spp., Trifolium spp., Tordylium apulum L., and Avena spp. were associated
with grazing sites with Mg-rich soils. Oloptum miliaceum and Sinapis spp. were mostly
found in irrigated olive groves located at higher altitudes.
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Figure 2. The effect of different weed management systems on the Shannon-Wiener index, Simpson’s

index, species richness, and Pielou’s evenness index in Chora and Peza. Error bars represent the

standard error of the mean. Groups not sharing the same letter are significantly different according to

the least significant difference (LSD) test (p < 0.05).
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Table 2. RDA statistical results of the relationship between the eight significant explanatory variables

and weed species” composition.

Index Parameter Axis 1 Axis 2 Axis 3 Axis 4
Summary
Eigenvalues 0.106 0.033 0.025 0.019
Species-environment 0.712 0.608 0.557 0.529
correlations
Cumulative percentage of
variance of 49.1 64.4 76.0 85.1
species—environment
relation
Total variance (sum of all
. . 0.215
canonical eigenvalues)
Correlation matrix
Mg —0.1127 —0.2104 0.2556 —0.1688
Mn 0.505 —0.1097 0.1454 0.1238
Irrigation —0.1158 0.2104 —0.0731 —0.1669
Rotary tiller —0.1109 0.0808 —0.1981 0.3145
Grazing —0.1625 —0.2632 —0.1536 —0.2386
Mowing 0.3509 —0.2418 —0.0065 0.2003
Chemical 0.3224 0.4224 0.0471 —0.1398
Elevation —0.1054 0.1724 0.2193 0.3248

Table 3. Ranking of the environmental variables by importance according to their marginal and

conditional effects, as obtained by forward selection in RDA.

Marginal Effects Conditional Effects
. Variation . Variation

Variable Explained Variable Explained p F
Mn 0.06 Mn 0.06 0.001 7.24
SOM 0.04 Chemical 0.04 0.001 4.83
Chemical 0.04 Mowing 0.03 0.003 3.54
Mowing 0.04 Elevation 0.02 0.001 3.2
Grazing 0.02 Mg 0.02 0.008 243
Zn 0.02 Rotary tiller 0.01 0.023 2.08
EC 0.02 Grazing 0.02 0.014 2.12
B 0.02 Irrigation 0.02 0.023 2.11
Control 0.02 pH 0.01 0.109 1.53
K 0.02 Silt 0.01 0.042 1.85
Mg 0.02 Sand 0.01 0.071 1.61
Elevation 0.02 SOM 0.01 0.177 1.34
Irrigation 0.02 P 0.01 0.122 1.51
Rotary tiller 0.02 B 0.01 0.178 1.33
Sand 0.02 Control 0.01 0.293 1.23
Fe 0.02 EC 0.01 0.197 1.34
N 0.01 K 0.01 0.314 1.12
CEC 0.01 Na 0 0.445 0.99
pH 0.01 ESP 0.02 0.098 1.49
CaCOs 0.01 Ca 0 0.341 1.06
Silt 0.01 N 0.01 0.576 0.86
Na 0.01 /n 0 0.582 0.88
Ca 0.01 CaCOs 0.01 0.679 0.79
P 0.01 CEC 0.01 0.769 0.67
Cu 0.01 NO;3 0 0.82 0.66
ESP 0.01 Cu 0 0.897 0.53
NO; 0.01 Fe 0.01 0.845 0.59
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Considering that our observations regarding grazing stemmed solely from one of the
three surveyed regions (Meramvello), it is advisable to exercise caution when interpreting
the outcomes of the gradient analysis (Figure 4; Tables 2 and 3). Analyzing the data from
Meramvello, where grazing was exclusively used, revealed a clear hierarchy among the
weed species favored by grazing: Oxalis pes-caprae L. held the highest position (frequency:
84.6%; mean cover: 33.7%), followed by Medicago spp. (frequency: 76.9%; mean cover:
7.6%), Avena spp. (frequency: 69.2%; mean cover: 9.3%), Tordylium apulum L. (frequency:
38.5%; mean cover: 3.2%), and Vicia spp. (frequency: 38.5%; mean cover: 2.5%).

The variation partitioning procedure revealed that the effect of the management
variables on weed species’ composition accounted for 2.2 times the variance of the soil
variables and 4.5 times the variance of elevation (Figure 5).

Management

Residuals:
78.5%

Elevation

Figure 5. Percentage contributions of the groups of explanatory variables to the variation in weed
species’ composition in the three studied regions (i.e., Chora, Peza, and Meramvello), identified by
variation partitioning using partial RDA. Negative values are not shown.

3.3. Weed Species’ Composition and Plant Diversity

The relationship between the diversity indices and weed species’ composition using RDA
is shown in Figure 6. The Monte Carlo unrestricted permutation test (999 permutations under
the full model) indicated that Axis 1 and Axis 2 were statistically significant (trace = 0.168,
F =5.623, p = 0.0010). The RDA model, including four diversity indices (Shannon’s, Simpson’s,
Pielou’s evenness index, and species richness) as explanatory variables, explained 16.8% of
the total variation in weed species’ data. The first two RDA axes explained 13.7% and 2.1%
of the changes in weed species, respectively. The ordination diagram of RDA revealed that
the studied weed species (species with >10 occurrences) were mainly differentiated into three
distinct groups. The first one, consisting of Oxalis pes-caprae L., Phelipanche ramosa, and Oloptum
miliaceum, was associated with high values of the Simpson index and had a clear negative
relationship with the Shannon index and species richness. On the contrary, the second group,
which included the majority of the recorded weed species (e.g., Anthemis arvensis L., Calendula
arvensis L., Geranium spp., etc.), was positively correlated with species richness, Shannon’s
index, and Pielou’s evenness index. Finally, the species Ferula communis L. and Galium aparine
L. (i.e., the weed species comprising the third group) were located virtually at the origin of
both axis scores, highlighting their limited importance as drivers (exerting either a positive or
a negative effect) of plant diversity.
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Figure 6. RDA ordination diagram showing the effect of weed species’ composition on the Shannon—
Wiener index, Simpson’s index, species richness, and Pielou’s evenness index. Weed species are
displayed with their EPPO codes (https://gd.eppo.int/, accessed on 27 February 2024).

4. Discussion

According to Storkey and Neve [42], in any particular crop, a more diversified weed
community is less competitive and less susceptible to dominance by highly adapted weed
species. Therefore, it serves as an indicator of agronomic and environmental sustainability.
Our surveys in the olive groves of Chora and Peza yielded contrasting results regarding the
studied biodiversity indices. In Chora, weed species’ diversity and richness were slightly
lower (i.e., without statistically significant differences) in herbicide-sprayed sites compared
with the mowed, rotary tiller, and control (no treatment) sites, which is consistent with
numerous previous studies indicating that the use of glyphosate may negatively affect
biodiversity and species richness [15,43-45]. This trend, however, was not universal, as
was revealed in Peza, where sites with glyphosate spraying presented the highest values
of Shannon’s index, species richness, and the evenness index. The explanation for this
discrepancy lies in the presence of Oxalis pes-caprae L. It was revealed that Oxalis pes-
caprae L. was the most dominant weed species in Peza (Supplementary Table S1) and
had a strong negative relationship with Shannon’s index and species richness (Figure 6).
Indeed, the negative effect of Oxalis pes-caprae L. on species richness and diversity is well
established [46-49]. Petsikos et al. [47] have found that olive groves invaded by Oxalis
pes-caprae L. were not species-poor at the beginning of the vegetative period but became
monospecific a few months after its germination. In line with previous evidence [49], our
results also point in the direction that the use of glyphosate can lead to a significant decrease
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in the cover of Oxalis pes-caprae L. (Figure 4) and, in turn, to the recovery of weed species’
diversity and richness. Surprisingly, Phelipanche ramosa also showed a negative association
or correlation with weed species’ diversity and richness (Figure 6). This finding reflects
the close relationship between Phelipanche ramosa and Oxalis pes-caprae L. because the latter
serves as a host for the former [50].

As has been shown by previous studies [45,51], there are ‘winners” and ‘losers” among
weed species after glyphosate applications. We found that the species group that was,
from a relative perspective, promoted by the application of glyphosate mainly included the
species Malva sylvestris L., Erodium spp., and Euphorbia spp. (Figure 4). Although resistance
against glyphosate-based herbicides has not been reported for these species [52], there
are reports from Greece [53] and France [15] indicating the reduced efficacy of glyphosate
against Malva sylvestris L. Regarding Erodium spp. and Euphorbia spp., previous evidence
suggests that annual life forms and longer flowering periods can serve as adaptation
traits to chemical disturbances because they increase the probability of escaping extinction
caused by herbicide applications [54]. More recent research [55] has shown that Euphorbia
helioscopia L. (this was the main species of the genus Euphorbia recorded in the present
study) has considerable plasticity in terms of its morpho-anatomical and physiological
features in response to herbicide applications, which, in turn, enables it to survive after
herbicide treatments.

According to MacLaren et al. [44], mowing does not remove all biomass and, therefore,
it is more likely to favor species that conserve resources for recovery, as well as to select
directly against tall species [56]. Our study provided additional support for this theory by
demonstrating that mowing was advantageous for Medicago spp. and several annual plant
species with low height, such as Anthemis arvensis L., Calendula arvensis L., and Geranium
spp. It is also well known that mowing’s effectiveness can be affected either by the weeds’
developmental stage (i.e., it must be carried out before viable seeds have been produced)
or by the fact that some of the heads are short and missed by the mower [57,58]. We also
found that mowing was associated with grass species, such as Lolium spp. and Bromus
spp., which is in line with previous research in France [16] and Italy [43]. It seems that the
positive relationship between mowing and grass species can be attributed either to their
ability to form new tillers from the crown after cutting or to the fact that mowing can be a
potential means of the spread of seeds [59]. Recent research has indicated that mowing,
compared with spraying herbicide and tillage, promotes the growth of perennial weeds
but does not favor short-lived weeds [21].

The effects of livestock on the diversity of flora have been contradictory, as there have
been cases with positive, neutral, and negative effects [60,61]. We showed that according
to the agro-ecological and anthropogenic filters of the surveyed olive groves, grazing had
a clear positive effect on weed species” diversity and richness (Figure 3), which is in line
with previous research [62,63]. In a comprehensive meta-analysis based on 197 studies
from all major regions of the world, Diaz et al. [64] demonstrated that grazing favored
annual over perennial plants, short plants over tall plants, prostrate over erect plants, and
stoloniferous and rosette architectures over a tussock architecture. Our study showed
that grazing favored both perennial and annual plant species, as well as plants with low
height. Nonetheless, the influence of livestock’s selective foraging behavior must also be
acknowledged in shaping the weed species’ composition [65,66].

Of the 27 variables used to describe the ecological niche in the analysis, eight were
significant and explained 21.5% of the total variation in the weed species’ data. The effect
of the predictor variables (i.e., site, soil, meteorological and management parameters) on
weed species’ composition under the farms’ conditions is quite variable in the literature,
depending on the scale of the studies (i.e., farm level vs. regional level vs. country level),
the location, crops, weed species, the type and range of explanatory variables, and methods
of data collection. It has been found that the use of such variables in gradient analyses was
able to explain from 4.6-19.15% [9,15,22,45,67,68] to 25.2-42.4% [23,24,69,70] of the variance
in weed species’ composition.
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A growing body of literature [22-24] suggests that environmental factors are always
more important than management practices in explaining the variance in weed species’
composition. However, our study did not support this assumption. We found that man-
agement variables outperformed the soil variables and the effect of elevation. In fact, the
effect of management variables on weed species’ composition accounted for 1.5 times the
variance of the cumulative effect of elevation and the soil variables (Figure 5). Still, there
was a degree of uncertainty surrounding the actual effect of the environmental factors
in our study because our analysis only partially included the climatic conditions of the
surveyed olive groves (i.e., only through elevation).

What is new is that of all explanatory variables, the soil Mn concentration was iden-
tified as the most influential one, highlighting the importance of soil micronutrients in
determining the weed species” composition. This is in line with Korres et al. [71], who
found that particular soil micronutrients were highly associated with the occurrence of
most weed species examined.

The availability of micronutrients to plants is affected by several soil properties,
especially the pH, calcium carbonate, and the SOM. SOM and CaCOj are the sites of Mn
retention in calcareous soils [72,73]. In particular, CaCOj3 has a strong negative effect on the
uptake of Mn, attributable to the immobilization of the divalent cations through adsorption
and precipitation, or the formation of manganocalcite. Both reactions are favored by a
high pH [73]. This is reflected in most of the studied soils, which have increased CaCOs3
content and low Mn availability (48.5%). In soils of the Peza and Chora study areas, a
higher CaCOj3 content (mean: 46.37 and 26.88%, respectively) was associated with lower
Mn availability (5.20 and 9.41 mg/kg, respectively) (Table 1). This was not verified in the
Meramvello study area, possibly due to the higher SOM (4.19% versus 3.32% and 2.44% in
Peza and Chora, respectively), which acts as a source of nutrients for the weeds, increasing
the water-soluble and exchangeable forms of most micronutrients in the soil [72]. Moreover,
the increased content of CaCOj3 in most of the studied soils indicated the low availability
of phosphorus and a possible iron deficiency. Indeed, 46% of the soil samples were found
to have a low concentration of assimilable phosphorus. There was also a problem with
the available manganese (48.5%). As soil pH falls to the vicinity of 5.5, Mg has been
shown to precipitate, possibly as a mixture of Al and Mg double hydroxide, or as poorly
ordered Mg silicate, rendering it less soluble and available to plants [70]. Carron (1991)
observed Ca-induced Mg deficiency in pot-grown clover (Trifolium repens L.) when the ratio
of exchangeable Ca to exchangeable Mg exceeded 20 [73]. The ratio of exchangeable Ca
to exchangeable Mg for the soils in the Peza and Chora study areas exceeded 28 and 22,
respectively, confirming the Mg deficiency. The low availability of exchangeable potassium
(7%) in most soil samples was also apparent, while a small percentage of samples with a
low boron content were observed. Finally, Zn deficiency was observed, mainly in the Peza
and Chora study areas with the highest Ca concentrations and higher pH values compared
with the soils of the Meramvello study area. These findings reinforce the results of other
research which reported that the solubility of Zn in the soil solution decreases exponentially
with increasing Ca concentrations and pH values [74,75].

The low predictive performance of pH in our study, despite the relatively wide range
of pH values among the surveyed sites (Table 1), was similar to that in previous studies,
demonstrating the low influence of pH on vegetation in some cases [9,76]. It has also been
suggested that pH is not necessarily a soil property that determines weeds’ distribution
per se; however, it can affect the availability of plant nutrients [77].

The effect of SOM on weed species’ composition remains debatable. Although SOM
showed the second highest marginal effect (Table 3), the manual forward selection pro-
cedure still excluded it from the final model. According to Leps and Smilauer [37], if the
variables in a group are closely correlated, then only a limited number of them are selected
by the manual forward selection procedure. To shed more light on this hypothesis, we
cross-checked our data and found a medium association between SOM and Zn (r = 0.52)
which explained the exclusion of SOM from the final model.
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5. Conclusions

Despite possible constraints, the present study provided further insight into the factors
determining winter weed species’ diversity and composition in Greek olive groves. Firstly,
we assessed the unique effect of the standard weed management practices used in Greek
olive groves on sustaining the biodiversity of flora. Although our results confirmed that
glyphosate use may lower biodiversity and species richness, it was also shown that this
trend was not universal. In fact, the negative influence of the presence of Oxalis pes-caprae
L. on species richness and diversity far outweighed the effect of spraying glyphosate.

Variation partitioning revealed that the effect of the management variables on weed
species’ composition accounted for 1.5 times the variance of the cumulative effect of
elevation and the soil variables. Among the 27 variables used to describe the ecological
niche, eight (i.e., Mn, Mg, chemical spraying, mowing, rotary tiller, grazing, irrigation,
and elevation) were significant and explained 21.5% of the total variation in weed species’
data. What is new is that of all the explanatory variables, the soil Mn concentration was
identified as the most influential one, highlighting the importance of soil micronutrients on
weed species’ composition. The present findings contribute to the enhancement of optimal
management strategies in olive groves that can sustain the biodiversity of flora and, in turn,
provide various ecosystem services to agro-ecosystems.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/agronomy14030640/s1. Table S1: Species recorded in
the study sites, frequencies of occurrence, means, and standard deviations (SD).
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