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Abstract: In the present work, we studied the effect of herbicide use on extensive olive grove
cultivation. To carry out this study, we analysed the effect that herbicide use had on biodiversity,
vegetation cover and soil water content. For this purpose, 96 vegetation and soil sampling points
were first taken, then georeferenced, and for each sampling point, several bioclimatic variables were
interpolated. We concluded that the management of cover crops with herbicides over a long period
of time resulted in a decrease in biodiversity, and the dominance of some species that were more
resistant to herbicides was increased. Another finding was that the vegetation cover was reduced in
the resampling in cases with herbicide management and that the location within the cropland (under
the tree canopy, road, boundary or pasture) also has an influence. Finally, the study of soil moisture
shows that soil water content was lower in the case of management with herbicides than in the case
of management without herbicides. This loss of soil moisture was more accentuated and faster in
areas with less vegetation cover. This work highlights the need to change the management models
for tree crops in order to preserve biodiversity, soil quality and optimise water resources in a context
of accelerated climate change in one of the regions most severely affected by global warming, the
Mediterranean belt.

Keywords: herbaceous communities; edaphology; grass diversity; bioclimatology; agronomy;
cultivation

1. Introduction

The Mediterranean region is highly vulnerable to global warming and is suffering
a significant decline in rainfall, and hence a decrease in available water resources in the
circum-Mediterranean region [1]. Due to its location and complex orography, the Iberian
Peninsula has a very variable climate [2,3] and is particularly susceptible to climate change.
Although rainfall distribution is not homogeneous in all areas and depends on several
geographic factors [4-6], it is clearly necessary to find strategies to optimise rainfed and
irrigated crops in these regions. In the Mediterranean region, the southern Iberian Peninsula
is renowned for its agricultural activity in general and olive groves in particular. To this
end, we analysed the impact of the management of grass cover in the period spanning
2006-2016.
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In Spain, 2.584.564 ha. of olive groves were cultivated in 2013, representing 60% of
European Union production and 45% of world production [7]. These extensive crops pose a
high demand for water resources and require improved management of surface water, to
avoid depending on groundwater, not only in growing crops but also for grazing needs [8,9].

Another problem associated with global warming is the rise in natural disasters
as a result of the more frequent occurrence of torrential rainfall [10,11], causing a loss
of unprotected soils. Soil loss due to human actions in olive groves in Andalusia is
estimated at an average of between 29 and 47 tonnes/hectare per year and ranges to
over 100 tonnes in olive groves in southern Spain [12]. This erosion leads to degradation
and the loss of the characteristic attributes of productive and cultivable soil, rendering
it sterile for agricultural purposes [13], reducing the soil water retention capacity and
leading to the emergence of badlands [14] and tillage soil [15], all of which causes
significant economic costs at a global level [16].

The Sustainable Development Goal (SDG) indicators set out the objectives for sus-
tainable development for 2030. This objective specifically proposes to protect, restore and
promote the sustainable use of terrestrial ecosystems and forest management, combat
desertification, and halt and reverse land degradation and biodiversity loss. Goal 15.9 is
related to integrating ecosystem and biodiversity values into national and local planning,
development processes, poverty reduction strategies and accounts [17].

Several mechanisms have been developed over time to improve the use of water
resources [18,19]. One of the solutions for ensuring soil water availability and preventing
erosion is to grow crops with natural vegetation cover [4,20] and improve crop manage-
ment using bioclimatic approaches [21]. Other solutions for ensuring soil water availability
and preventing erosion are to grow crops with natural vegetation cover, with particular
attention on the enhancement of the crop’s wild relatives especially if seen as a prior-
ity [22]. To contextualize the importance of grass communities in crops, it is worth noting
that the Mediterranean basin is characterised by a high density of grass species (around
120-180 species/1000 m? and 40-60 species/m?), of which more than 70% correspond to
annual therophytes. These plant formations, therefore, represent one of the most diverse
types of vegetation in the temperate zone [23-25].

These proliferations of species are perfectly adapted to the rigours of the Mediter-
ranean climate [26] and can, therefore, compete with crops. On the other hand, these
plant communities are deeply related to the nutritional status of the soil, and it is these
variables in the nutritional composition of the soil that largely determines the presence or
absence of certain characteristic species. Thus, several studies propose methodologies to
evaluate the nutritional composition of the soil based on the floristic composition of the
plant communities [27].

In the case of olive groves, these herbaceous communities may represent a problem
when the olive grove is young; that is, in the first years of implantation. Various techniques
have been used for decades to eliminate these natural plant covers, such as chemical
mowing pre- and post-emergence with the use of herbicides [28]. This continuous use of
herbicides—especially pre-emergence—depletes the soil’s seed bank, which in many cases
leads to a reduction in biodiversity [29] and the complete disappearance of the plant cover,
leaving the soil totally unprotected against erosion [30].

The main aim of this present study is to analyse the impact on the soil water retention
capacity induced by the loss of natural vegetation cover in a gradient of human intervention
reflected in the location of the sampling points in olive groves in the southern Iberian
Peninsula over the 2006-2016 period.

The first hypothesis in this work is that the use of herbicides transforms the floristic
composition of the various types of plant communities growing in olive groves and that
these changes respond to a combination of soil and bioclimatic parameters that are exclusive
to each plant community. Another starting premise is that the more stenoic and exclusive
species in each plant community are replaced by more generalist and eurioic species.
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Another working hypothesis is that under a Mediterranean bioclimate, the dry period
coincides with the withering of the plant cover, which, if the soil is bare, causes greater
water loss than in places where there are remnants of plant cover. Furthermore, the present
work aims to analyse the effect of the continued use of herbicides, both pre-and post-
emergence, and of plant cover management using mechanical treatments (mechanical
reaping and grazing) on the floristic composition of the various types of plant communities
growing spontaneously in olive groves in the southern Iberian Peninsula.

2. Materials and Methods
2.1. Study Area

The study area includes the sampling points established in the spring of 2006 [31]
in the NW of the province of Jaén and the NE of the province of Cérdoba, in the Region
of Andalusia in the southern Iberian Peninsula (Lat. 37°56’ N; Long. 4°3’ W). A total of
91 points were visited during the spring of 2016 in the countryside of the Guadalquivir
Valley and Sierra Morena (Figure 1a). The sampling points were distributed in agricultural
areas of olive groves and grass-covered areas of pastureland (dehesa) to contrast 2 different
methods of managing the vegetation cover over 2006-2016. All of the sampling points
were located in open areas with no dense trees, and the sampling points in the olive groves
were distributed in the centre between 2 trees and near the tree canopy (Figure 1b).

SPAIN
TUGAL Madkid

(b)

Figure 1. (a) Location of the area and sampling and resampling points. (b) Diagram with the arrange-
ment of the olive trees. The projection of the tree canopy is called the ring, while the separation between
the olive tree and the tree is the road.
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The altitudinal range extended from 176 m asl to 638 m asl, with an average slope of
8.01°. The orientation of the sampling points was predominantly south—-southwest. The
values of altitude, inclination and orientation were obtained from the digital terrain model
with a mesh pitch of 100 metres.

2.2. Sampling and Resampling Points

In the spring of 2016, 91 points were resampled. These points had previously been
sampled by Cano-Ortiz in 2006 [31]. The samples were classified according to their lo-
cation in the different study plots following a gradient of human influence on grassland
management from highest to lowest:

— Immediately under the olive tree canopy

— In the middle of the road (outside the canopy)
— On the fringe of the olive grove

—  Dehesa

Two types of weed management were selected: Olive groves in which the vegetation
cover was continuously treated without the use of herbicides (no herbicides) by means of an
alternative control of the herbaceous cover once it had withered. The other type of locality
corresponded to olive groves with continuous use of the herbicides oxyfluorfen at 24%
(3 L/ha) and glyphosate at 36% (4 L/ha) over the last 10 years. The applied concentration
was as recommended on the herbicide label. To control the shoots from the olive tree
trunks, formulations based on glyphosate at 36% were applied at the base of the tree trunk.

2.3. Climatic and Bioclimatic Data

Each sampling point was georeferenced by means of UTM coordinates and was asso-
ciated with different bioclimatic, soil and geographic parameters. The temperature and
precipitation parameters were obtained through interpolation in a neural network trained
by the Neuraltools® package from 2434 weather stations in the Andalusian region belong-
ing to the National Meteorological Agency (AEMET) and the Climate Information System
of the Andalusian Regional Government. For each sampling point, the neural networks
were established for each climate variable (maximum, average, minimum temperature
and rainfall) for each month of the year. The climate and bioclimatic variables were de-
fined following the criterion of Rivas-Martinez [32]. The following climate variables were
considered for the present study:

T: Mean annual temperature in degrees centigrade

M: Mean temperature of the maximums

m: Mean temperature of the minimums

Tmax: Mean temperature of the warmest month of the year

Tmin: Mean temperature of the coldest month of the year

Tp: Positive annual temperature (sum of the months with a mean temperature above 0 °C
in tenths of degrees centigrade)

Pp: Positive annual precipitation (of the months in Ti above 0 °C)

PE: Thornthwaite’s potential annual evapotranspiration index [33]

PEs: Potential evapotranspiration index of the summer quarter

PE;_15: Potential monthly evapotranspiration index 1 = January, 2 = February, ...
12 = December

Bioclimatic variables used:

Annual aridity index (Iar);

PE
lar = —
ar P

Diurnality index (Id): The difference between the mean maximum temperature (Tcmax)
and the mean minimum temperature (Tcmin) of the months with the greatest temperature
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differences in the year; that is, the month with the greatest daily swing or interval between
the maximum and minimum temperatures.

Id = Tecmax — Temin

Humidity index: The percentage of precipitation above or below the annual precipita-
tion (P) compared to the annual evapotranspiration (PE)

(P — PE)

IH = 100
* " PE

Mediterraneity index (Im): The coefficient between the value for Thornthwaite’s mean
summer evapotranspiration (PEs), and precipitation in mm in the same period (Ps).

Im—%
~PS

Mediterraneity index for the month of July (Irm) and for July and August (Im5);

PES7
I = —_— I =
mq PS7 , 1myp

Annual evapotranspiration index (loe): The coefficient between mean precipitation (P)
and potential annual evapotranspiration (PE, Thornthwaite).

Toe = —
PE

Ombrothermic index of the warmest month of the summer quarter (los1); ombroth-
ermic index of the warmest 2 months of the summer quarter (Ios2), ombrothermic index
of the summer quarter (Ios3), and ombrothermic index of the summer quarter and the
previous month (los4).

Ps5_g

Monthly ombrothermic indices (lom_12); with i = 1 = January, 2 = February, ...,

12 = December.
Tom: — -
om; T
Annual ombrothermic index (lo); the coefficient between the total mean precipitation
in mm in the months with a mean temperature above 0 °C (Pp) and the sum of the mean

monthly temperatures above 0 °C in tenths of a degree (Tp).

_Pp
Io = Tp

Simple continentality index (Ic): The continentality index expresses in degrees centi-
grade the difference or oscillation between the mean temperature of the warmest month
(Tmax) and the mean temperature of the coldest month of the year (Tmin).

Ic = Tmax — Tmin.

Thermicity index (It): This index describes the intensity of cold, which is a limiting
factor for many plants and plant communities.

It = (T +m + M)10
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To weigh the excess of cold or thermicity in the most continental or oceanic locations
in areas located north or south of parallel 230°, a compensation factor C was added to the
It value based on the continentality values in the area: Itc = It + C. (Table 1).

Table 1. Calculation of the compensation value of C for the calculation of ITC (Compensated
thermicity index), based on the Ic value.

Ic Value C Value
<8 C=(Uc—8)x10
8<Ic <18 C=0
18<Ic <21 C=(Ic—18) x5
21 <Ic <28 C=(c—21)%15
28 <Ic <46 C=(Ic —28) %25
46 <Ic <65 C=(Ic —46) * 60

The figures for altitude, orientation and slope were obtained by plotting the pre-
viously georeferenced points on a digital terrain map (DTM) with a pixel resolution of
10 x 10 metres. The numerical values for altitude, orientation and slope were obtained
from the DTM for each sampling point.

2.4. Soil Data and Moisture

The soil data for each sampling point were recorded in a Geographic Information
System (GIS). These data were taken from Cano-Ortiz [31].

In order to observe the effect of different vegetation covers on soil moisture, the
amount of water in the soil was measured at 100, 200, 300 and 400 mm with 3 repetitions
for each depth; this was done continuously over the months of the highest rainfall in the
Mediterranean macrobioclimate (spring and autumn) in an olive grove located in the centre
of the total study area. These measurements were taken in areas with 0 (bare soil), 5, 25, 50,
70, 85, 90, 95 and 100% cover, performing a maximum of 5 and a minimum of 3 repetitions
for each cover (some measurements had to be eliminated due to reading errors or failure of
the probe). The measurements were taken with the Delta-T Profile probe PR-1 device and
on slopes between 0 and 10°.

Once the influence of the cover on the soil water retention capacity was calculated by
linear regression, the results were interpolated to the rest of the sampling points from the
cover and slope values.

2.5. Determination of the Flora and Delimitation of the Plant Communities

The flora was identified following reference works such as Flora Ibérica [34], Flora
de Andalucia Oriental [35] and Flora de Andalucia Occidental [36]. Monographs and
specific works were consulted for certain problematic taxonomic groups such as the genus
Taraxacum [37]. The monograph by Ledn E. et al. [38] was consulted for the genus Hordeum.
The work by Devesa et al. was followed for Gramineae in general [39].

The phytosociological model was used to carry out the vegetation sampling, esti-
mating the cover by means of the Braun-Blanquet [40] method and transforming the
phytosociological cover indices (5, 4, 3, 2, 1, “+”, “r”) into numerical indices according to
Table 2. The phytosociological and syntaxonomical descriptions of the plant communities
in the study were included and named according to Rivas-Martinez [41].



Agronomy 2021, 11, 412

7 of 21

Table 2. Conversion of the values of the phytosociological indices and their correspondence with the

average percentage cover values. The non-numerical values (“+” and “r”) have been transformed and
estimated by interpolation from the numerical indices (the transformation of the phytosociological

are according to [26,42]).

Phytosociological Index % of Average Cover

85
65
45
25
12

6
3

H o+ =N W Ol

2.6. Data Analysis

The qualitative and quantitative relationship between the relevés in both sampling
periods was first verified to establish a correlation between the samples taken in 2016 and
2006. This was done by designing a matrix in which the columns represented the sites or
sampling plots, and the rows contained the different taxa samples. A multiple correlation
analysis was subsequently established to obtain a correlation coefficient between each pair
of relevés and the p-value for the significance of the correlation, using the EXCEL extension
XLSTAT (Version 2014.5.03). The matrix of correlation coefficients was in turn obtained
from a matrix of covariances with the following equation:

Cl,]
\/ Ciixc;,

where C represents the covariance value. The matrix of p-values was obtained to verify the
hypothesis of a correlation between the different relevés. The p-value was calculated by
converting this correlation matrix into a t statistic with N — 2 degrees of freedom, where
N was the total number of taxa sampled in the 2 time periods, and R was the correlation
coefficient; the confidence intervals were based on a normal asymptotic distribution of:

1+R
0.5 x Log (1—R>
and with a variance approximately equal to 1/(N — 3).

The changes in the floristic composition of the plant communities in the vegetation
cover of the olive grove and dehesa over 10 years were analysed using Shannon’s diversity
index [43], the evenness index [44] and Simpson’s dominance index [45], comparing the
evolution of these values in both time periods.

For a better characterisation of the plant communities in the vegetation covers, factor
analysis was first performed to gain a better understanding of the soil and bioclimatic
variables involved in the composition and structure of the grassland communities in the
olive groves in the southern Iberian Peninsula. This factor analysis was performed with
the soil variables for each sampling point, and the interpolation of the bioclimatic variables
obtained previously.

The data were standardised prior to the statistical or ordination analyses using the
following formula:

where X is the value of the variable, y is the mean and ¢ is the standard deviation.

A Shapiro-Wilk normality test was first done to confirm that the data met the as-
sumptions that ensure the reliability of the ANOVA test. An analysis of variance (two-way
ANOVA) was performed to study the effects of the location and the plant cover treatment



Agronomy 2021, 11, 412

8 of21

N
u

BSHL

CBSM

Changein number of taxa

FCSM

on the plant associations assessed in the 2 time periods and the interaction of the treat-
ment, location and association variables. In this case, a multivariate analysis of variance
(MANOVA) was used.

After normalising the data in the matrix, a factor analysis was performed. Factor
analysis is a multivariate analysis method aimed at studying the relations of interdepen-
dence between a set of variables or individuals. The criterion for the choice of bioclimatic
variables was chosen after rotating the factor matrix by means of the VARIMAX algo-
rithm and transforming the initial factor matrix into a rotated factor matrix to make it
easier to interpret. This procedure was done only for the bioclimatic and soil variables.
The bioclimatic variables selected had a correlation of over 95% with the other factors,
and the soil variables had a correlation of over 80%. With the previously selected vari-
ables, a CCA (Canonical Correspondence Analysis) was performed to see which climatic
and edaphic variables were involved in the co-occurrence of the different species in the
sampling points.

3. Results
3.1. Biodiversity Analysis

A number of 283 taxa in the ranks of species, subspecies and variety were detected
in the 91 sampling points in 2016. All species determined were angiosperms, of which
15.36% were monocotyledoneae, forming 4 of the 39 botanical families detected. The
remaining 84.64% were dicotyledoneae, accounting for 31 of the 39 families detected;
66% of these species were represented by 5 botanical families: Asteraceae, Fabaceae,
Poaceae, Caryophyllaceae and Brassicaceae, and to a lesser degree the family Apiaceae.
Such is the plant diversity that just 7.6% of the total flora present in eastern Andalusia
was detected in the 91 sampling points (the total area of all the sampling points was
150 m?) [35].

A more detailed analysis of the changes in floristic composition for each community
in the study showed that the number of taxa did not change homogeneously but depended
on the type of community in which the samples were taken in 2016 compared to 2006
(Figure 2a,b).

Evolution of characteristic taxa

100
% —
0 | _ - =
_ 70 M
60 0% of Characteristics
50 taxa 2006
DO N2 of taxa 2006 20
@ % of Characteristics
@ N2 of taxa 2016 30 taxa 2016
20 ]
10
i BN Hi BE BE NE B
g 2 Y & 2 3 & # B3 9 ¢©
I< @ o [ < =
a9 2 = a § ® 2 &8 2 B
[N 5 s =]
(a) (b)

Figure 2. (a) Number of species observed for each plant community in the 2006 and 2016 samples. (b) Number of characteristic
species observed for each plant community in the 2006 and 2016 samples. The communities are: Bromo scopariae-Hordeetum
leporini (BSHL) Carduo bourgaeani-Silybetum marianum (CBSM); Fedio cornucopiae-Sinapietum mariei (FCSM); Linario spartei-
Raphanetum raphanistri (LSRR); Papaverido rhoeadis-Diplotaxietum virgatae (PRDV); Resedo albae-Chrysanthemetum coronarii (RACC)
and Urtico urentis-Malvetum neglectae (UUMN). The characteristic species of each community were assigned according to
Rivas-Martinez [46].
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The analysis of alpha diversity (evaluated using the Shannon index) showed that
there were no significant differences (Figure 3) in diversity in the management of plant
cover with and without herbicides in 2006 (p-value = 0.5928), regardless of the location
of the sampling point. In the sampling of these same points in 2016, it can be seen that
the alpha diversity had increased at points where the herbaceous cover was managed
without herbicides; while the points where the cover had been managed with herbicides
continuously over 10 years had undergone a very significant (p-value < 0.001) decrease in
alpha diversity.

Biodiversity indices
4
3.5
3
225
R
«
> 2
]
«
U
> 15
1
0.5 r r
o [ e B
Shannon Shannon I*?vc—nues Evennes Sunp;on s SllnPASOH s
index 2006 index 2016 index-] index-] dominace dominace
- - 2006 2016 index 2006 | index 2016
@ No herbicide 3.0918 3.6271 0.8240 0.8699 0.1719 0.1121
O Herbicide 3.0170 2.0004 0.8078 0.8634 0.1935 0.2453

Figure 3. Comparative biodiversity indices between the 2006 and 2016 surveys under the two types
of grass cover management. The error bars show the standard error.

The communities in the vegetation covers (Figure 4) that can be said to be most
affected by the treatment with herbicides are Carduo bourgaeani-Silybetum marianum (CBSM)
(p-value = 0.0149), Fedio cornucopiae-Sinapietum mariei (FCSM) (p-value = 0.0243), Resedo
albae-Chrysanthemetum coronarii (RACC) (p-value < 0.001) and Linario spartei-Raphanetum
raphanistri (LSRR) (p-value = 0.0238), which saw a significant decrease in alpha diversity
D between 2006 and 2016. In the management without non-herbicide of herbaceous
covers, the associations Urtico urentis-Malvetum neglectae (UUMN) (p-value = 0.0215), Bromo
scopariae-Hordeetum leporini (BSHL) (p-value = 0.0435) and FCSM significantly increased in
terms of biodiversity (p-value = 0.0178).

The evenness index showed how evenly individual species were distributed within
a community. Values close to 1 showed that the area occupied by each species within
the sampling area was similar, while low evenness values indicated that the numbers
belonging to individual species represented in the community were heterogeneous. In
this case (Figure 3), no significant differences could be seen between the evenness indices
in 2006 in the management with and without herbicides. Nor were there any significant
differences between the two management types in the 2016 resampling.

The analysis of the evenness index by the community in samples where the grass
covers were managed with herbicides in both the 2006 and 2016 samplings showed that
there were significant increases in LSRR (p-value = 0.356), UUMN (p-value = 0.476) and
FCSM (p-value = 0.217), indicating that the communities tended to be homogeneous
and that all species were represented more homogeneously. For communities with non-
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herbicide management, there were no significant differences in the evenness index between
2006 and 2016 (Figure 5).

Shannon Index

4.500
4.000
3.500 -
3.000 H7 B |
2500 H |
2000 H |
1500 - | 02006
1.000 H | m2016
0500 H |
0.000 H
= 8 O 2 E &8 3|4 2 O E E &8 2
HERBICIDE NO HERBICIDE

Figure 4. Assessment by the Shannon index for the plant communities in the herbaceous covers
treated with and without herbicides in the two-time intervals (2006-2016).

Evennes-J Index

1.000

0.900

0.800

0.700

0.600

0.500

0.400

0.300 02006
0.200 m2016
0.100

000 R = = ] [~ > = O

HERBICIDE NO HERBICIDE

Figure 5. Assessment by the evenness index for the plant communities in the herbaceous covers
under treatment with and without herbicides in the two time intervals (2006-2016).

The Simpson dominance index measures how likely it is that two individuals selected
at random are from the same species. Values close to 1 indicate that there is a high
representation of only a few species that are, therefore, dominant in the community. This
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analysis shows that there were no significant differences between herbicide and non-
herbicide cover management styles in the 2006 samples. However, in the 2016 resampling,
increased dominance of a few species was found in points where the grass cover was
managed with herbicides, indicating that continuous treatment with herbicides caused
a selection of more resistant species which dominate in the community (Figure 3).

The analysis of the Simpson dominance index for each plant community observed
in the two management types (Figure 6) revealed that the most affected community
was Papaverido rhoeadis-Diplotaxietum virgatae (PRDV) with a significant difference
(p-value < 0.001). The dominance index decreased significantly in the UUMN as-sociation
(p-value = 0.0105). The comparison of points sampled in 2006 and points resampled
in 2016 with non-herbicide grass cover management showed a significant decrease in
Simpson’s dominance index in FCSM (p-value = 0.0188), UUMN (p-value = 0.0097),
LSRR (p-value = 0.023) and BSHL (p-value = 0.0436), indicating that species that were
previously underrepresented in non-herbicide managed sampling in 2006 points were
now better represented within the community.

Simpson's Dominance Index

0.450
0.400

0.350
0.300

0.250

0.200
02006
m2016

0.150
0.100
0.050
0.000

>
&
0
)

HERBICIDE NO HERBICIDE

Figure 6. Assessment by Simpson’s dominance index for the plant communities in the herbaceous
covers under treatment with and without herbicide in the two time intervals (2006-2016).

As can be seen in Table 2, the result of the MANOVA analysis indicated that there
were significant differences in biodiversity indices between the associations and in the
type of management of the herbaceous cover in each plant community. The location of
the sampling points, the management of the herbaceous cover itself and the interactions
between location/association, location/treatment/association were not significant. It is,
therefore, the grass cover management in each association that significantly influenced the
changes in plant communities.

3.2. Soil and Bioclimatic Characterization of Plant Communities

Table 3 shows the factor analysis carried out to determine which soil variables condi-
tioned the floristic composition of the plant communities. The highest factor weightings
after the VARIMAX rotation were observed in cation interchange complex (C.I1.C.), oxidiz-
able organic matter (M.O.0.), nitrogen (N), water potential at 1/3 atm. (pF 1/3), water
potential at 15 atm. (pF 15) and sandy soil texture (Tx sand), with correlation values higher
than 0.8. Similarly, the bioclimatic variables best related to the floristic composition of
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the plant communities studied were the aridity index (Iar), humidity index (IH), sum-
mer ombrothermic index (Ios), ombrothermic index (lo), evapotranspiration (PE), summer
evapotranspiration (PEs), and April, May and August evapotranspiration (PE,, PEs, PEg).
As can be seen in Table 4, the bioclimatic variables related to water availability had the
greatest influence over the presence of these herbaceous communities in the olive groves in
the southern Iberian Peninsula.

Table 3. Multivariate analysis of variance (MANOVA) showing which independent variables underwent changes: Location
(tree canopy, road, fringe and dehesa), management (herbicide, non-herbicide), type of association (BSHL, CBSM, FCSM,
PRDV, UUMN, LSRR or RACC) or a combination of these can influence the dependent variables (biodiversity indices in this
case). In bold, significant values at 95% confidence.

Locati . Location/ Location/ Management/ Location/Management/

ocation Management  Association M . e -
anagement Association Association Association

Lambda 0.7227 0.9511 0.2358 0.8167 0.4691 0.5699 0.8921
F (Observed values) 0.9782 0.4367 2.0845 1.9077 0.8834 1.7684 1.0282
GL1 18.0000 6.0000 42.0000 6.0000 48.0000 18.0000 6.0000
GL2 144.7351 51.0000 242.6633 51.0000 255.0037 144.7351 51.0000
F (Observed values) 1.6755 2.2826 1.4350 2.2826 1.4080 1.6755 2.2826
p-value 0.4880 0.8509 0.0003 0.0974 0.6905 0.0345 0.4179

Table 4. Correlation with the first two axes (F1 and F2 explained the higher variability found in the first two axes of the
factor analysis; F1 = 23.75% and F2 = 21.80% in the soil variables, and F1 = 54.91% and F2 = 37.07% in the bioclimatic
variables). Absolute correlation values over 0.8 have been considered for the soil variables, and absolute correlation values

higher than 0.95 for the bioclimatic variables. The variables selected are shown in bold.

Correlation F1

Correlation F2

Correlation F1

Correlation F2

Edaphic
variables

C.I.C (meq/100 g) —0.0394 0.8076 Iar 0.9785 0.7685
Carbonates (%) 0.0011 0.4411 Id —0.9122 —0.8940
Ca (meq/100 g) —0.0758 0.4859 IH —0.9779 —0.7700

P assimilable (p.p.m) 0.0007 0.7312 Ioe —0.9779 —0.7700
Mg (meq/100 g) 0.6487 —0.1194 Ic —0.8990 —-0.9017
M.O.0. (%) 0.1588 0.8624 o —0.9631 —0.7961
N (%) 0.1034 0.8563 It 0.9234 0.8834
pH1/25 —0.0896 0.1262 Bioclimatics Itc 0.9234 0.8834
K (meq/100 g) 0.3419 0.3974 variables PEs 0.9587 0.7198
pF 1/3 atm (%) 0.8825 0.0462 PE,4 0.9532 0.8381
pF 15 atm (%) 0.8966 —0.0460 PE;s 0.9624 0.7354
Tx clay (%) 0.4742 —0.0703 PEg 0.9442 0.6733
Tx sand (%) —0.8644 —0.0146 PE; 0.9432 0.6571
Tx slime (%) 0.6321 0.1294 PEg 0.9640 0.7986
Sieve 2 mm (%) 0.4172 0.1738 PEyg 0.9278 0.8751
Salinity (mmhos/cm) 0.2863 0.3869 PEqp 0.8816 0.9021

Canonical correspondence analysis (CCA) (Figure 7) revealed which soil parameters
defined the plant communities in the herbaceous cover. As can be seen in Figure 6, the
horizontal axis can be interpreted as a gradient of nutrient enrichment in the soil, and
the communities that required more N, M.O.O. and C.I.C. were CBSM and BSHL; while
the communities with lower nutrient requirements such as PRDV and FCSM were at the
opposite end. This axis represented 27.01% of the explained variability. The vertical axis
can be interpreted as a soil texture gradient; clay soils show pF1/3 and pF15 for clay soils
were higher than for sandy textured soils. There was a preference for sandy soils in the
floristic composition of LSRR, as in the case of UUMN, but to a lesser extent. In contrast,
in addition to the abovementioned preference of these two types of plant communities,
FCSM and PRDV also have appetites for clayey and slightly saline soils. This vertical axis
explained 21.5% of the variability.
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Figure 7. Canonical correspondence analysis. The horizontal axis can be interpreted as a gradient from lowest to highest
soil nutrient content (from left to right), while the vertical axis is a gradient of soil texture from loamy-marl to sandy soils
(from bottom to top). The red vectors represent the soil variables (C.I.C. = cation interchange complex, M.O.O. = oxidizable
organic matter, N = nitrogen, pF 1/3 = water potential at 1/3 atm., pF 15 = water potential at 15 atm. and Tx sand = sandy
soil texture); the longer they are, the greater the influence of that variable. The green points represent the sampling points;
the closer they are to a vector, the more they are influenced by that particular variable.

The unrestricted inertia of the CCA was 9.31%, while the restricted inertia of the
model was 90.69%. The permutation test shows that with a p-value < 0.0001, the floristic
composition of the plant communities was linearly related to the data on the soil variables.

3.3. Soil and Bioclimatic Characterization of Plant Communities

The analysis of how the different vegetation covers were managed according to the
location within the sampling area (tree canopy (p-value < 0.001), road (p-value = 0.0042),
fringe (p-value = 0.0208), dehesa (p-value = 0.0870) revealed significant differences in the
vegetation cover (Figure 8a). As can be seen, in 2006, the vegetation cover was similar in
the different sampling locations with no significant variations. In the 2016 resampling,
a significant decrease was observed in all locations except in dehesa, and there was a
gradient from fringe to the road with an increase in human activity in the management
of the vegetation cover (dehesa cover < fringe cover < road cover < tree canopy cover).
Similarly, the number of different species depending on the location of the sampling
(Figure 8b) did not vary significantly in the fringe and road locations between the 2006
and 2016 surveys. There were significant differences for the number of species in the tree
canopy location (p-value = 0.0390) between the two periods for dehesa, p-value = 0.0019.
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Figure 8. (a) Variation in soil cover depending on the gradient of human intervention (dehesa cover > fringe cover > road
cover > tree canopy cover) in the two time periods over 2006-2016. (The error bars show the standard error). (b) Variation
in number of species depending on the gradient of human intervention (dehesa cover > fringe cover > road cover > tree
canopy cover) in the two time periods over 2006-2016. The error bars show the standard error.

The analysis of the grass cover in terms of its management showed that in 2006 there
were no significant differences between herbicide- and non-herbicide-managed samples.
In 2016, after 10 years of continuous management with herbicides, a significant decrease
was observed in the vegetation cover in resampling points where the grass cover was
managed with herbicides. There were no significant differences in cover with respect to
2006 in sampling points where the grass cover was managed without herbicides (Figure 9a).

Soil cover

120 +

80

60

40

Management Management
I i T 20 + J.
3151
T 0 2006 & 0 2006
Z 10 -
J @ 2016 “ @ 2016
y 0+ |
Herbicide Non-Herbicide Herbicide Non-Herbicide
(@) (b)

Figure 9. (a) Variation in soil cover depending on the grass cover management in the two time periods over 2006-2016.
(b) Variation in number of species, depending on the grass cover management in the two time periods over 2006-2016. The

error bars show the standard error.
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The analysis of the number of species according to the vegetation cover management
showed a sharp decline at the points managed with herbicides in the 2016 resampling
compared to 2006. At points managed without herbicides, the number of species increased
over the 10-year period with respect to 2006 (Figure 9b). A comparison of the two graphs
shows that the greatest contribution was from the sampling carried out in the dehesa.

3.4. Soil Moisture Analysis

The analysis of soil moisture revealed significant differences at 100, 200, 300 and
400 mm in depth according to the type of cover management (herbicides vs. no herbicides)
in the 2016 resampling (Table 5). Figure 10 shows significant differences at all depths in the
sampling points with herbicide-based grass cover management compared to 2006. This
may relate to lower soil moisture levels in the soil in herbicide-managed points than for
points managed without herbicides.

The influence of location on the amount of water in the soil and the PE/soil moisture
ratio was not significant except at depths of 100 mm and between the road and the tree
canopy in the 2006 sampling. This is because in the 100 mm under the tree canopy, in
addition to the roots of the herbaceous cover, it was necessary to consider the root system
of the olive tree involved in the water adsorption, which was located at a depth of 200 mm
where there is little water availability in the soil [47].

As can be seen (Figure 10), the PE/soil moisture ratio increased significantly at all
depths in grass covers managed with herbicides. This can be interpreted as for any
treatment with herbicides; the loss of water from the soil is much faster through evapotran-
spiration in soils not managed with herbicides. There were no significant differences in soil
moisture in the PE/soil moisture ratio in the 2006 samples in the two management types,
both with and without herbicides.
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Table 5. Significance values (p-values) of the analysis of variance between the interactions of location and management variables of herbaceous covers for each soil moisture and PE/soil

moisture ratio measurement in each period of analysis over 2006-2016. Significant values with 95% confidence are shown in bold.

Grass Cover

Location Management
Variables Mean Standard Road vs. Road vs. Road vs. Fringe vs. Fringe vs. Dehesa vs. Herbicide vs.
Deviation Tree Canopy Dehesa Fringe Tree Canopy Dehesa Tree Canopy No Herbicide
Soil Moisture 2006 (100 mm.) 0.1917 0.0104 0.0054 0.3833 0.2411 0.1733 0.7999 0.6092 0.8754
Soil Moisture 2006 (200 mm.) 0.2058 0.0115 0.0677 0.3234 0.3909 0.0593 0.7493 0.0866 0.1109
Soil Moisture 2006 (300 mm.) 0.5685 0.0361 0.0026 0.2107 0.1220 0.2264 0.6593 0.8034 0.8180
Soil Moisture 2006 (400 mm.) 0.5281 0.0339 0.3125 0.8047 0.8168 0.1080 0.9926 0.1586 0.3030
Soil Moisture 2016 (100 mm.) 0.1632 0.0409 0.2310 0.2239 0.6483 0.3228 0.3979 0.5749 <0.0001
Soil Moisture 2016 (200 mm.) 0.8483 0.3521 0.2689 0.2232 0.4733 0.4424 0.5420 0.6443 <0.0001
Soil Moisture 2016 (300 mm.) 0.4809 0.1264 0.2095 0.2285 0.7952 0.2534 0.3121 0.5294 <0.0001
Soil Moisture 2016 (400 mm.) 0.4309 0.1404 0.2941 0.2255 0.3928 0.5199 0.6326 0.6855 <0.0001
Ratio PE/Soil Moisture (100 mm.) 2006 4.3078 0.2899 0.0025 0.0486 0.7942 0.2116 0.3797 0.4429 0.7075
Ratio PE/Soil Moisture (200 mm.) 2006 4.0114 0.2262 0.2761 0.0627 0.4085 0.4962 0.2779 0.9297 0.4907
Ratio PE/Soil Moisture (300 mm.) 2006 1.4546 0.1126 0.0015 0.0711 0.9514 0.1261 0.3228 0.2719 0.5244
Ratio PE/Soil Moisture (400 mm.) 2006 1.5663 0.1268 0.0558 0.0493 0.4942 0.6908 0.7791 0.8516 0.6781
Ratio PE/Soil Moisture (100 mm.) 2016 5.5016 1.8894 0.3747 0.5445 0.5721 0.4961 0.9775 0.5668 <0.0001
Ratio PE/Soil Moisture (200 mm.) 2016 1.4497 1.2702 0.1238 0.3283 0.9542 0.4888 0.6248 0.6764 <0.0001
Ratio PE/Soil Moisture (300 mm.) 2016 1.8860 0.6901 0.3834 0.5230 0.5356 0.6030 0.9316 0.6197 <0.0001
Ratio PE/Soil Moisture (400 mm.) 2016 2.2807 1.1947 0.4246 0.6068 0.8782 0.1827 0.5271 0.5703 <0.0001
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Figure 10. Differences in soil moisture values and PE/soil moisture ratio at different depths in the two time periods
(2006-2016) for the two types of grass cover management (herbicide vs. no herbicide).

4. Discussion

The results obtained point to a close relationship between plant cover management
and its influence on biodiversity. The continued use of herbicides caused a significant loss
of biodiversity, which is in line with studies on the long-term influence of herbicides [48].
Although not all herbicides act equally, those that most affect the seed bank and thus the
capacity for winter-spring development are usually pre-emergence herbicides [49]. The
results of the community-based biodiversity analysis also show how different communities
are similarly affected, although some more than others. Communities such as Papaverido
rhoeadis-Diplotaxietum virgatae (PRDV) and Linario spartei-Raphanetum raphanistri (LSRR)
show very significant changes in the floristic composition of their characteristic species,
with much more generalist species prevailing over a wide range. This is consistent with
work on the impact of herbicides on plant communities [47,50,51].

Over a period of 10 years with continuous and regular treatment with herbicides of
different action, the effect of these treatments on the plant communities was almost always
negative. Where there was a constant application of herbicides, a decrease of taxa was char-
acteristic of all associations except in BSHL (gramineous dominated communities). This,
when compared with the fact that the absolute number of taxa in each sampling is higher
in the points of 2016, leads us to think that the characteristic species were being replaced by
more herbicide-resistant and more generalist taxa, especially in those communities where
the soil conditions have changed due to loss of nutrients or minerals. This can be observed
if we examine community changes in terms of biodiversity, evenness and dominance.

The PRDV and RACC communities are characterised by soil parameters linked to
the presence of Na and K salts in soils formed by easily erodible materials such as marls
and clays in PRDV and a high concentration of M.O.O, N and NH4 in RACC, which grow
in soils that tend to become waterlogged and have a tendency to accumulate water and,
therefore, nutrients [31]. In the case of the PRDV community, the loss of soil through
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erosion, as well as excessive runoff due to torrential rains in places where the soil is without
vegetation cover, can lead to the loss of the nutritional conditions of the soil necessary for
the establishment of the most characteristic and bioindicator species of this association. In
the case of the drastic loss of characteristics and biodiversity in the RACC community, the
location of this community in places with disturbed soils and rubbish dumps on the edges
causes them to be under great pressure from the action of herbicides, as well as the loss of
nutrients through leaching or drainage of the mycorrhizal basins where they live to avoid
the accumulation of water.

It can also be seen how the continual use of herbicides—regardless of the location of
the sampling point—influences the cover and protection of the soil, whereas a no-tillage
and no-herbicide treatment leads to less loss of soil sediments and less runoff (there is,
therefore, more water in the deep soil layers) [14,52,53]. When tilled and treated with
herbicides, there is less soil moisture loss in the olive groves in the Mediterranean basin.
Vegetation cover is better at preventing soil loss [54].

However, contradictory studies show that plant cover causes a decrease in soil mois-
ture due to water absorption by these rapidly developing plants [55,56]. These water losses
throughout the dry season are offset when this annual vegetation cover withers and ceases
to absorb water from the soil but behaves like a sponge. Sites with vegetation cover exhibit
a higher soil moisture content due to their greater water retention capacity during the dry
period [57]. The results show that where plant cover is lower, the water content decreases
significantly in the intermediate soil layers (where the root systems of the plants in the
communities studied do not reach), compared to other sampling points where plant cover
is higher.

These results show lower long-term soil moisture in bare soils and agree with the
studies that have found higher contributions to aquifers, both water and leachate, in bare
soils. Water remains in the surface layers for less time in bare soils and longer in soils
with cover [53].

Our results confirm that water losses are more intense in the first 100 mm of depth as
the root systems of herbaceous plants are mostly found on the surface and under the olive
tree canopy. The olive tree root system in these first 100 mm is responsible for absorbing
water [58]. It should also be noted that since the moisture in the sub-surface soil layers is
unstable due to evaporation, the amount of water in the first few centimetres is lower due
to atmosphere—soil exchange [59]. The results also show that the soil moisture regime is
more constant in areas where the vegetation cover has been maintained over time. This is
consistent with studies showing that stable vegetation cover maintains a more constant
soil moisture regime than other soil management methods [60].

This work has focused on how different factors (edaphic, bioclimatic and anthropic)
affect the composition of herbaceous plant communities over a relatively long period of
time (10 years) in relation to the use or non-use of herbicides. The most vulnerable plant
communities are those formed by more stenotic species and, therefore, more restricted
to more specific bioclimatic and edaphic conditions, highlighting this plant-soil relation-
ship [27]. In this sense, the communities most closely linked to more particular edaphic
conditions are PRDV (calcareous clayey soils, rich in salts and not very eutrophic) and
LSRR (sandy textured soils, more or less oligotrophic).

Our research confirms the gradient of human influence from areas with less vegetation
cover management to areas where management is so great that the vegetation cover has
even disappeared, with all the consequences this entails for the preservation of biodiversity,
protection against erosion, and loss of soil humidity. It is, therefore, vitally important to
implement models to manage vegetation covers, given the effects of global warming on
vegetation covers and the scarcity of water resources, as without adequate management,
they can compete aggressively with crops [61-63], especially in herbaceous crops with
similar phenology and development. This suggests research should be directed towards
herbaceous crops with low water demand, such as certain varieties of wheat.
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5. Conclusions

In view of these results, it can be concluded that the management of herbaceous
vegetation cover with herbicides over a long period of time has a negative influence
on biodiversity. In resampling points where the vegetation cover has been managed in
a different way, the pre-2016 values of the diversity indices have not only been maintained
but in some of the communities studied, they have improved. There has also been an
increase in the dominance of some species that are more resistant to herbicides or whose
flowering phenology is not coupled to the application of herbicides.

Another finding is that the vegetation cover is reduced in the 2016 resampling in
cases with herbicide management and that the location within the cropland (under the tree
canopy, road, boundary or pasture) also has an influence.

The loss of cover due to continuous herbicide management has a significant impact on
the loss of soil moisture. Soil moisture is lower in the case of herbicide management than
in non-herbicide management. This loss of soil moisture is more accentuated and faster in
areas with less vegetation cover (measured from the PE/soil moisture ratio).

There is a gradient of human influence in management from the tree canopy, road,
fringe and dehesa; the closer to the area of the direct influence of olive cultivation, the more
intense the human pressure on vegetation cover and the greater its deterioration.

This work highlights the need to change the management models for tree crops such
as olive groves in order to preserve biodiversity, soil quality, production capacity and
optimise water resources in a context of accelerated climate change in one of the regions
most severely affected by global warming, the Mediterranean belt.

The importance of determining the impact of current agricultural practices on the
efficient use of water resources and on the loss of non-renewable resources such as soil and
biodiversity is one of the ways to meet the objectives of the United Nations Agenda 2030.
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