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Abstract

The effects of the farming system (conventional-organic-abandoned) and soil management
(native cover crop vs tillage) on vascular plant species were analyzed in sloping olive groves
(>20%) in 20 different locations in Andalusia, SE Spain. The soil management techniques
included Organic Tillage (OT), Organic Cover Crops (OC), Conventional Tillage (CT),
Conventional Non-Tillage (CNT), Abandoned Cover Crops (AC) and Abandoned Woody
(AW). Data for the vascular plant species were recorded through three line transects of 30
m with a bar perpendicularly touching every 1 m of the measuring tape. Environmental vari-
ables were also recorded at plot level to assess their influence. Dependent variables, such as
species abundance, richness and diversity indexes were studied using univariate analysis
(one-way ANOVA, Kruskal-Wallis test) while multivariate statistics (ANOSIM, SIMPER,
DCA) were used for analyzing the data matrices. We found that the different combinations
of farming system and soil management affect biological diversity in terms of individual abun-
dance, plant cover, species richness and diversity, species and family composition. Life forms
and species distribution patterns are also affected. The main environmental variables affecting
the plant taxa were those related with soil and climate characteristics, slope, olive age and
intensive land uses at landscape level, including the percentage of artificial surfaces. The low-
est levels of biodiversity (e.g., species richness) were found in the tilled olive groves (CT = 8.1
sp. 2.2, OT = 10.0 sp. + 5.4). Surprisingly, the organic tilled groves (OT) were very poor in
species compared to those with native plant cover (OC =27.9 sp. + 3.0). The latter, however,
showed similar species richness to the abandoned olive groves (AC =21.2 sp. + 3.7, AW = 27.2
sp. = 3.0). Possible solutions for increasingly uncompetitive sloping olive groves include con-
version to organic with native plant cover or abandonment for rewilding.

Introduction

Olive groves play a fundamental role in the production system of the southern regions of
Europe. In 2020, the gross value of olive production was 6762 million US$ in Spain, 19,349
in Europe and 23,891 worldwide (FAOSTAT, 2022).

Most of these earnings come from traditional olive groves. This type of olive grove has long
been considered a typical Mediterranean agroecosystem of great importance in the mainten-
ance of biodiversity and the control of soil erosion, and as part of the ancient
Mediterranean cultural heritage and landscape identity (Loumou and Giourga, 2003).

However, the traditional olive grove, like other Mediterranean agroecosystems, is currently
undergoing dramatic changes due to intensification, changes in soil management techniques
and, in many cases, abandonment. All these processes are being mediated by globalization
(Guzman-Alvarez and Navarro-Cerrillo, 2008; Lozano-Garcia et al., 2017). These changes
are having significant effects on the ecosystem services provided by olive farming and on
crop sustainability. In recent times, new intensive olive groves have been planted in areas
where cereals or traditional olive groves once dominated. This, combined with the progressive
increase in production costs, the increasing average age of farmers, and the lower value of the
olives and olive oil, are making traditional olive groves less profitable. Sloping olive groves are
particularly vulnerable to changes of this kind (Duarte et al., 2008) because mechanization of
farm work is limited by problems of accessibility and drivability of agricultural machinery on
steep hillsides (Blanco, 2009; CAPDR, 2018).

In Spain, olive groves cover a total area of 2,770,424 ha., of which 1,673,657 ha are in
Andalusia (ESYRCE, 2021). There are adult plantations of olives on surfaces with many dif-
ferent degrees of slope. 29.6% of Andalusian olive groves are on slopes of over 20%, the thresh-
old above which total mechanization is considered impossible (Blanco, 2009; CAPDR, 2018).
With the current trend toward mechanization, these olive groves are becoming less and less
viable and are therefore at serious risk of being abandoned. Surveys on land use (ESYRCE,
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2021) indicate that the percentage of ‘unmaintained’ olive groves
in Spain is 6.6%, and 3.4% in Andalusia. Many of these ‘unmain-
tained’ olive groves may in fact have been abandoned. That makes
it difficult to quantify the ‘real” area of abandoned olive groves and
how this has changed over time.

Traditional olive groves are based on a conventional farming
system in which the soil is tilled to control ground cover. For
the last several decades, tillage has been complemented by the
use of inorganic fertilizers and synthetic pesticides. Tillage is espe-
cially detrimental in strongly sloping areas, where it can lead to
severe soil erosion. That is why soil management must be taken
into account when assessing the environmental services provided
by agroecosystems, in which it can be just as or even more import-
ant than the farming system applied (Soriano et al, 2014;
Sanchez-Fernadndez et al., 2020).

On the other hand, although little research has so far been
conducted into what happens to olive groves once they have
been abandoned, it seems that the flora undergo a rapid second-
ary succession process, and a phenomenon known as ‘renaturali-
zation’ or rewilding (Riihl et al., 2011) occurs, as happens in other
types of agricultural land, in which pastures are progressively
transformed into scrublands, shrub formations and later into
woodland (di Pietro and Blasi, 2002; Loumou and Giourga,
2003; Riihl et al, 2011; Maccherini et al, 2013; Romero-Diaz
et al., 2016). The herbaceous flora in the early grassland and
scrub seasons show high diversity and are dominated by
Poaceae and Fabaceae species (Lasanta et al., 2020). This process
depends on the time elapsed since the grove was abandoned
(Garcia, et al., 2007; Solomou and Sfougaris, 2015), as well as
on flora composition and the soil seed bank. Other important fac-
tors include the plant communities that surround it (Solomou
and Sfougaris, 2015; Rey et al., 2019) and any isolated trees within
the olive grove which can act as perches (Rithl et al., 2011).
Rewilding is also affected by edaphic issues, stoniness, slope,
soil penetration resistance, the presence of terraces (Garcia
et al., 2007; Maccherini et al., 2013; Perrino et al., 2014), overgraz-
ing -which prevents succession and encourages erosion-
(Arhonditsis et al., 2000; Maccherini et al, 2013), and fires
(Ruhl, et al., 2011).

In order to understand more about the patterns and processes
affecting plant diversity (as an indicator of biodiversity) in sloping
olive groves at high risk of abandonment and how they are
affected by farming system (conventional-organic-abandonment)
and soil management (native cover crop vs tillage), 20 different
locations were studied across Andalusia. The ultimate goal is to
provide data that will be useful for taking decisions about the
future of sloping olive groves in line with the European Green
Deal and the Biodiversity Strategy for 2030. We predict that the
way an olive grove is managed will be reflected in the biodiversity.
The following hypotheses were tested: (i) organic farming and
abandonment will provide more biodiversity than conventional
farming; (ii) soil management practices such as native cover
crops will also have a significant influence on biodiversity,
although it will be strongly mediated by environmental variables
such as climate, soil features or landscape structure.

Material and methods
Study site

We selected 20 locations with sloping olive groves situated on
slopes with a gradient of over 20% within a total area of 1 million
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ha in the provinces of Granada, Jaén, Cérdoba and Malaga
(Andalusia, Spain) (Fig. 1). Three adjacent or very close plots
were selected in each locality, one from each of the three farming
systems: organic (O), conventional (C) and abandoned (A). They
were all mature olive groves, with more than one trunk per tree,
an average age of 55 years, from 100-139 trees ha™' and a canopy
volume ranging between 1019-5350 m®> ha™" (Table 1). We con-
tacted the owners of the plots to find out about the farming sys-
tems used and how long the abandoned groves had been in that
condition. We then classified each plot according to the farming
system and soil management technique applied (Pastor et al.,
2004; ESYRCE, 2021, see Fig. 2), as follows:

o Organic Tillage (OT): certified-organic management with soil
tillage (n=4).

o Organic Cover Crops (OC): certified-organic management with
a cover crop controlled by mowing (n = 16).

« Conventional Tillage (CT): traditional soil tillage. Depending
on the intensity of the tillage, soil can have some weed cover
in autumn and early spring (n=11).

« Conventional Non-Tillage (CNT): application of pre- and post-
emergence herbicides over the soil surface. Some later-emerging
weeds may escape the effects of the herbicides (n =9).

« Abandoned Cover Crops (AC): Sloping olive groves abandoned
between 2000 and 2015, with herbaceous vegetation covering
the soil surface (i.e., first stages of abandonment) (1 =5).

o Abandoned Woody (AW): Sloping olive groves abandoned
between 1950 and 2000, with woody vegetation established by
secondary succession (i.e., consolidated abandonment) (n = 15).

In the treatments involving tillage, this was done twice a year, in
the autumn and the spring. In these cases, plant sampling was
always carried out before the spring tillage. In all cases, the
same soil management technique was applied in each plot from
at least 2009 onwards. When we use the term ‘cover crops’, we
are referring to native or spontaneous cover crops.

Plant sampling

Plant sampling was carried out during spring 2017. Data about
the vascular plants were recorded through three line transects of
30m in length, with a bar perpendicularly touching every 1 m
of the measuring tape. Transects were always arranged perpen-
dicular to the slope. The selection of the starting point of each
transect inside the plots was randomly selected. Starting at 0.5
m, 30 points per transect and 90 per plot were monitored using
an adapted version of the point-quadrat sampling technique
(Chalmers et al., 1989). All the species from the different layers
touching the bar at the same point were registered. Each vascular
plant was counted only once, even if the bar touched the same
individual several times. Bare ground, litter, gravels (rock <4
mm), rock (rock >4 mm) and bryophytes were recorded when
no plants were found. The contacts with the canopy of the olive
tree were also counted. From these data, we calculated the total
and partitioned cover (%) of both vascular plant species and
the other surface layers (litter, gravels, rocks, bryophytes, bare
ground).

From the floristic data we estimated plant species richness (S),
i.e., the total number of species per sample; abundance (N), i.e.,
the number of individuals of each species per sample; and species
diversity calculated from the above using the Shannon-Wiener
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Fig. 1. Location of the study places ((J) in Andalusia (South Spain). In orange distribution of olive groves with slope > 20%.

(H’), Simpson (D) and Margalef indexes (Magurran, 1988). The
Shannon-Wiener index measures the uncertainty of a category
in a particular set. The Simpson index represents the probability
that two randomly selected individuals from the habitat will
belong to the same species, and the Margalef index provides a
measure of species richness that is roughly normalized for sample
size without using more complex rarefaction techniques. These
indexes are widely used in studies of plant species and compos-
ition in olive groves and higher index values mean higher diversity
(Solomou and Sfougaris, 2011, 2013, 2015; Al Harbi, 2017;
Gomez et al., 2018; Carpio et al., 2020) The species abundance
by plant families, Raunkiaer life forms (therophytes, geophytes,
hemicryptophytes, chamaephytes, nanophanerophytes and pha-
nerophytes), life cycle (annual and perennial) and distribution
range were also analyzed. The methods for identifying species
and families, life form, life cycle and distribution were based on
Castroviejo (1986), and Blanca et al. (2009).

Environmental data

We recorded geographic and topographic variables (latitude, alti-
tude, slope), climatic variables (mean annual temperature and
precipitation, potential insolation), soil features (shear stress,
soil organic carbon, N, P and K contents, C:N ratio, pH, cation
exchange capacity, gravel content, clay content and water resource
depletion), tree status at plot level (soil coverage at tree level, olive
tree age and years since abandonment), and data registered at
landscape level (mean data recorded at 1-km buffer around the
plots to analyze landscape complexity and cover surface areas of
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olive groves, shrubland, grasslands, broadleaf-forest, conifer,
rainfed cereals, woody-crop, water-body and artificial surface).

Climate date such as altitude (m), mean annual air tempera-
ture (°C), mean annual precipitation (mm) and potential insola-
tion (total hours of sunlight per year) were extrapolated from
REDIAM (2019), while the slope (%) was measured with a clin-
ometer. Tree age and year since abandonment were obtained dir-
ectly from land owners and Orthoimages of REDIAM (2019).
Trunk perimeter (at 30 cm above the soil) and height was mea-
sured manually, and canopy volume (m’_ha™") and tree cover
(m* ha™") were calculated from tree height and spread according
to Gélvez et al. (2004). Tree mound (soil loss around trunk,
m’_ha™') was obtained using the Stocking and Murnaghan
(2001) soil degradation index.

Soil bulk density (g cm®) was calculated according to
Grossman and Reinsch (2002), and soil parameters such as grav-
els (%), clay (%), pH, CEC (cmol*_kg_l), soil phosphorus
(Mg_ha_l), soil potassium (kg_ha_l) and water resource deple-
tion (mm) according to MAPA (1986). The C:N ratio was also
analyzed to a soil depth of 30 cm. C was analyzed by wet oxida-
tion with the dichromate method (Nelson and Sommers, 1996),
and N using the Kjeldahl method (Bremner, 1996).

At landscape level we established a buffer of 1-km radius
around the centroid of each sampling plot following the method-
ology of Scalercio et al. (2012) to analyze the vegetation cover and
land use based on the Andalusian Map of Land Uses and
Vegetation Covers from 2017 (E 1:25,000; REDIAM, 2019). We
obtained 55 different land uses and vegetation covers, which
were then grouped into these broad categories: olive groves,
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Table 1. Information about the localities studied, including mean data recorded at plot level for geographical coordinates (X, Y), slope, mean air temperature (Tavg), mean annual precipitation (Pavg), altitude,
potential insolation, canopy volume, soil coverage tree canopy, tree mound, years of abandonment (applicable for abandoned plots), olive tree age, soil shear stress, pH, bulk density, soil organic carbon, soil
nitrogen, C:N ratio, soil potassium, cation exchange capacity, gravels, clay, water resource depletion and variables measured at 1-km buffer cover surface area (ha) around the plots

Y Slope Tavg Pavg Altitude Total sun Szlr::\f: Soil coverage tree Tree mound Years of
Locality X Y (%) (°C) (mm) (m) hours year (m*ha™?) canopy (m*ha™%) (m®ha™}) abandonment
Colomera 438,019 4,136,060 38 14.8 570 783 3791 4404 2074 25 13
Venta de Andar 444224 4,145,022 31 14.1 643 923 4036 2411 1200 21 13
Venta del 411,212 4,156,955 29 15.4 627 625 4076 1414 1045 37 40
Carrizal
Cortijo Solis 408,065 4,163,863 26 145 598 792 3862 1415 989 41 17
Las Madrilas 390,795 4,115,683 35 15.6 719 600 4102 4248 2041 30 20
Las Cabreras 406,081 4,155,352 38 15.3 611 605 4021 1174 856 26 40
Esparragal 391,613 4,150,983 36 14.7 673 698 3937 2180 1212 41 33
Los Bermejos 391,471 4,140,624 46 141 727 844 3762 3096 1781 38 61
Carcabuey 386,590 4,141,632 31 14.3 775 832 3796 3309 1867 46 40
Cambil 447,333 4,173,863 25 135 596 1174 3789 1378 931 23 6
La Guardia 437,946 4,177,485 38 15.1 613 781 3908 1019 805 14 20
Puertoalto 435,737 4,171,825 40 15.2 673 781 3698 1878 1284 12 20
Arbuniel 453,304 4,163,499 27 13.2 635 1201 3914 2047 1230 19 24
Gobantes 344,340 4,093,153 22 17.0 528 379 4005 5350 2506 29 33
Pefion 366,414 4,103,918 29 16.3 523 531 4109 1575 1034 18 20
Enamorados
Campocamara 514,293 4,175,504 27 14.2 714 894 4131 1097 670 15 8
Pedro Martinez 480,168 4,147,852 29 14.2 458 943 4086 1237 805 15 20
Badolatosa 350,816 4,132,435 38 17.0 487 284 4129 4529 2251 19 33
izbor 455,174 4,081,108 29 16.0 578 570 3681 1923 1558 34 13
Almegijar 472,770 4,084,258 31 145 671 938 3772 3018 1869 22 40
Olive tree age Shear stress Bulk density Soil Organic Carbon N soil K soil P soil CEC cmolc Gravels Clay
(mean locality) (kPa) pH (Mg.m-3) (Mgha™) kgha'* C:N kgha™* kgha™* kg™* % (%)
41 59 7.9 1.1 4.5 0.5 9.1 98 2.0 7.8 23 29
39 46 7.8 1.1 10.6 1.5 7.2 141 8.0 10.0 16 35
52 141 8.1 1.2 11.4 1.0 111 135 2.4 7.8 35 25
60 117 8.1 1.0 12.5 1.2 10.2 130 4.0 9.6 38 25
60 76 8.3 11 8.7 0.8 9.7 107 1.4 10.3 28 33
65 48 8.3 1.0 9.6 1.0 9.3 98 2.2 11.7 53 32

(Continued)
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Table 1. (Continued.)

Olive tree age Shear stress Bulk density Soil Organic Carbon N soil K soil P soil CEC cmolc Gravels Clay
(mean locality) (kPa) pH (Mg.m-3) (Mgha™) kgha'™* C:N kgha™* kgha™* kg™t % (%)
62 47 8.0 0.8 16.1 1.6 10.2 157 2.7 15.5 58 34
60 51 8.2 0.9 8.4 0.8 10.2 157 11 14.6 50 52
62 57 8.0 0.8 13.1 13 10.2 208 B 18.4 38 42
55 57 8.0 0.9 12.9 1.2 10.8 187 2.7 14.1 49 37
65 47 8.1 0.8 11.7 1.1 10.5 159 1.4 18.6 64 39
60 55 8.1 1.0 125 1.2 10.6 85 1.6 15.6 32 31
41 54 8.0 0.9 12.0 13 9.4 242 3.7 16.8 46 44
55 67 8.2 1.0 6.0 0.7 8.6 180 1.3 21.7 28 43
65 38 8.1 0.9 8.3 0.7 123 63 1.8 8.2 41 22
45 17 8.4 1.0 4.4 0.4 11.9 80 0.8 5.2 30 30
60 19 8.4 1.1 3.8 0.4 11.0 82 1.7 7.6 32 24
65 71 8.2 11 5.6 0.6 9.8 81 53 6.5 13 31
41 28 8.2 0.9 4.1 0.5 8.6 23 1.1 6.3 54 13
49 73 8.1 11 5.2 0.6 9.5 36 1.6 54 53 11
Water resource
depletion (mm) Landscape complexity Olive groves Shrublands Grasslands Broad|leaf forests Conifers Rainfed cereals Woody crops Water bodies Artificial
4.8 20 216 47.4 1.1 19.6 0.0 1.6 25.5 2.0 1.1
4.6 14 190 0.0 0.7 1.5 0.0 101 6.1 1.8 13.3
3.9 7 269 18.2 0.0 8.7 0.0 0.0 1.4 16.6 0.0
33 16 158 69.4 0.0 56.3 16.0 0.0 2.2 12.1 0.0
33 16 145 53.5 1.4 98.5 0.0 53 3.7 5.5 13
2.5 14 193 10.5 30.6 0.0 56.7 0.0 6.9 16.5 0.0
1.2 10 156 17.7 93.2 33.2 0.0 0.0 12.4 0.0 1.6
2.0 11 146 50.4 2.7 103 0.0 0.0 12.3 0.0 0.5
2.0 11 145 146.0 13.1 33 0.0 0.0 7.0 0.0 0.0
2.7 12 117 132.9 0.0 0.0 60.1 0.0 4.7 0.0 0.0
1.2 23 180 46.8 473 0.0 0.0 1.8 14.2 1.7 16.3
4.4 12 188 79.2 0.0 0.2 0.0 0.0 28.1 16.1 2.0
2.7 24 95 64.3 17.1 324 77.5 24 16.9 5.9 2.5
3.7 14 120 71.6 11.9 21.9 0.0 0.0 4.2 84.6 0.3
2.5 10 149 60.2 12.3 0.0 0.0 73.0 8.9 0.0 10.8
(Continued)
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shrubland, woody crops, broadleaf forests, grasslands, conifers,
rainfed cereals, water bodies and wetlands and artificial surface.
On the basis of the number of categories found in each buffer
and the number of different patches from each category, we
then measured landscape complexity using the Shannon index.

Data analysis

The diversity of vascular plants was estimated through the num-
ber of species, the number of individuals from each species, and
the diversity indexes in order to determine the specific structure
and richness of the population of plant species and to analyze
the effects of the different treatments (Magurran, 1988). For
this purpose, one-way ANOVAs or Kruskal-Wallis tests were
applied with treatments as the independent variable. Normality
and homogeneity of variance tests were carried out, after which
one-way ANOVAs were applied to the biodiversity-related para-
meters, and Kruskal-Wallis tests were applied to soil covers.

To analyze the effects of the different treatments on the whole
species composition, we used cluster analysis in Q-mode and
UPGMA (unweighted pair-group method using the arithmetic
average based on the Bray—Curtis similarity index). For this pur-
pose, we used the presence-absence of species and aggregated the
data by treatments.

A dissimilarity analysis (ANOSIM), which was also based on
the Bray-Curtis similarity index (Clarke, 1993), was performed
as a non-parametric test that allows significant differences
between two or more groups to be identified. The R-test statistic
expresses dissimilarity between the groups, over a range of 0 to
1. When R values are close to or equal to 1 and P < 0.05, this is
a sign of significant dissimilarity (Legendre and Legendre,
1998). This analysis was carried out for species, family, chorology
and life form for all the treatments analyzed globally and by pairs
of treatments.

We also carried out a SIMPER analysis (percentage similarity
procedure; Clarke, 1993) on the pairs that showed significant dif-
ferences in ANOSIM. Species, family, chorology and life form
were also analyzed.

The effect of the environmental variables was analyzed via
redundancy analysis (RDA), a constrained ordination method pro-
posed by Ter Braak and Smilauer (2002) for linear data, which was
verified by the length of the gradient of the first axis (<2) of a
Detrended Correspondence Analysis (DCA) made with the species
matrix. The individual significance of the environmental variables
was analyzed through the marginal effects (£1) obtained using
automatic forward selection, although the variables finally included
in the RDA were those showing higher conditional effects (£A) and
P <0.05 (the effect contributed by each variable over and above the
combined effect of all the other variables already selected, so avoid-
ing collinearity). The variability in the species and samples due to
environmental variables was tested using the Monte Carlo permu-
tation test (499 permutations) for the first and all canonical axes.

Index calculation and statistical analysis were performed on
the data using Past software ver. 3.2 (Hammer et al., 2001), and
the Statistix 9.0 software package. Multivariate analyses (DCA,
RDA) were carried out using CANOCO 4.5 (Analytical
Software, Tallahassee, FL, USA) (Lep$ and Smilauer, 2003).

Results

The OC treatment showed the highest mean cover of vascular
plant species (54.5% +1.8 SE), especially compared to the
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OrganicTillage Organic Cover Crops

Fig. 2. Combinations of farming system and soil management analyzed in this study.

treatments involving tillage (OT =23.1% + 5.4, and CT =18.1% +  values (Table 2). Litter cover was minimal in the tilled treatments,
3.4). Bare ground also obtained higher values in these last two  while it was higher in the abandoned olive groves (AW and AC)
variables than OC, AC and AW, while CNT obtained intermediate  and in organically farmed groves with a native cover crop (OC).
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Table 2. Mean percentage (%) + standard error (SE) for the area covered by different soil covers in each treatment

oT ocC CcT CNT AC AW Al
Soil Cover Mean + SE Mean + SE Mean + SE Mean + SE Mean + SE Mean + SE Signif. Mean
Vascular plants 23.1+5.4bc 54.5+1.8a 18.1+3.4c 28.5+3.6bc 43.0 +4.4ab 42.4+1.2b 0.0001 37.7
Litter 5.3+1.8bc 19.3+1.4a 3.1+0.7c 13.5+2.1ab 24.6 +3.0a 21.1+1.5a 0.0001 154
Gravels 15.0 +3.9abc 9.6 £ 1.4bc 12.6 +2.5bc 25.9+3.0a 3.6+1.0c 13.7+1.6ab 0.0001 135
Rocks 2.6+0.8ab 1.9+0.5b 1.2+0.5b 4.3+0.9ab 1.2+0.4b 5.5+0.7a 0.0001 3.0
Bryophytes 0.0+0.0b 2.3+0.9b 0.7+0.5b 1.5+0.9bc 8.5+3.6ab 6.2+1.0a 0.0001 3.2
Olive canopy 88+1.6 6.5+0.8 10.1+1.8 6.9+14 93+21 6.5+1.0 0.5 7.6
Bare ground 45.1+6.5ab 5.8+0.9d 54.1+4.5a 19.4+3.2bc 9.9 +2.8cd 4.6+0.9d 0.0001 19.5

OT, organic tillage; OC, organic cover crops; CT, conventional tillage; CNT, conventional non-tillage; AC, abandoned cover crops; AW, abandoned woody.
The Kruskal-Wallis test was performed at P < 0.05. Different letters show significant differences in the Kruskal-Wallis All-Pairwise Comparisons Test. The last column shows the mean for each

soil cover.

Bryophyte cover was significantly higher in the abandoned olive
groves (AC and AW) while in the treatments involving tillage,
either no bryophytes were found (OT) or the value was very
low (CT). Gravels and rocks on the surface of the soil were par-
ticularly high in AW and CNT (Table 2).

A total of 294 species from 45 plant families were accounted
for in this study. For most of the treatments analyzed, the flora
was dominated by annual species ranging from 84% in CT to
91% in OC, with the exception of AW olive groves, where peren-
nial species dominated with 53% (Supplementary Table S1).

At plot level, the highest mean species richness was found in
OC (27.9+3.0), AC (21.2+3.7) and AW (27.2+3.0), and the
lowest in OT (10.0 £ 5.4) and CT (8.1 + 2.2) (Table 3). The highest
individual abundance was also found in OC (146.6 +17.9) and
the lowest in CT (25.8 +£10.4) and OT (21.8 + 14.1). CT obtained
the lowest values in both the Simpson index and the Shannon
index (0.63 £ 0.1; 1.4 + 0.3 respectively). These values were signifi-
cantly different from the highest values, which were obtained by
OC, AC and AW. In general, CNT obtained intermediate values
while the lowest values were obtained by the treatments involving
tillage (Table 3). The treatments involving tillage (OT and CT)
showed significantly lower values on the Margalef index, while
AW scored the highest value (5.7 £0.5).

Cluster analysis separated the combinations involving tillage
(CT and OT) from all the others (Fig. 3). Of these, AW and
OC were most similar to each other and were different from the
cluster formed by CNT and AC.

The analysis of similarity (ANOSIM) for plant species com-
position, plant family, chorology and life form based on abun-
dance data was statistically significant when globally analyzed
(Table 4). Analyzed by pairs of treatments, AW showed signifi-
cant P values for all pairwise comparisons, showing the highest
R (dissimilarity) values when compared to the tilled treatments
(especially OT). In all the variables studied, significant P values
were obtained in the comparison between OC and OT and the
highest R values. In general, at species and family composition
level, OT was different from all the other treatments except CT
and CNT. As regards chorological distribution and life form,
OC and AW showed dissimilarity from all the other treatments,
and the highest R value (0.7) was obtained in the AW-OT pair
for life form (Table 4) (Supplementary Table S2).

According to the SIMPER analysis (Table 5), the dominant life
form was the therophyte (with a 64.8% contribution to dissimilar-
ity), which was most abundant in OC (44.3). By contrast, AW
showed high abundance values for chamaephytes, hemicryto-
phytes and nanofanerophytes. The main families contributing
to the dissimilarity between the treatments were Poaceae,
Fabaceae and Asteraceae (64%). Poaceae species were especially
abundant in OC, AC and to a lesser extent AW, while Fabaceae
and Asteraceae species were most abundant in OC. The abun-
dance of Fabaceae species was especially low in the tilled olive
groves (OT and CT). CT was the only treatment with an abun-
dance of Fumariaceae and Papaveraceae species, while AW had
the greatest abundance of Lamiaceae, Cistaceae, Rhamnaceae,

Table 3. Mean values + standard error of species richness (S), abundance (N) and diversity indices

oT ocC CcT CNT AC AW
Indices Mean+SE Mean+SE Mean+SE Mean+SE Mean+SE Mean+SE Signif.* Transf.
S 10.0 +5.4bc 27.9+3.0a 8.1+2.2c 17.2+4.5bc 21.2+3.7ab 27.2+3.0a bl #
N 21.8+14.1c 146.6 + 17.9a 25.8+10.4c 52.1+15.4bc 101.8 +33.5ab 94.5+9.9b bl
Simpson_1-D 0.71+0.1ab 0.87+0.02a 0.63+0.1b 0.75+0.1ab 0.88+0.01a 0.87+0.03a **
Shannon_H 1.7+ 0.5bc 2.6+0.1a 1.4+0.3c 2.1+0.4abc 2.5+0.1ab 2.7+0.2a el
Margalef 2.9+1.1cd 5.4+0.5ab 2.3+0.4d 4.0 +0.9bcd 4.5+ 0.5abc 5.7+0.5a bl #

OT, organic tillage; OC, organic cover crops; CT, conventional tillage; CNT, conventional non-tillage; AC, abandoned cover crops; AW, abandoned woody.
Different letters denote Tukey’s HSD post hoc significant differences (P < 0.05) for the treatment factor in each parameter (one-way ANOVA).
Values followed by different letters in the same row show significant differences at levels: NS=No Signif.; *P < 0.05; ** P<0.01; *** P<0.001.

24 Transf. log(x).
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Fig. 3. Hierarchical clustering using the Bray-Curtis similarity index and cluster analysis in Q-mode and UPGMA for each treatment. OT = organic tillage; OC=
organic cover crops; CT = conventional tillage; CNT = conventional non-tillage; AC = abandoned cover crops; AW = abandoned woody.

Fagaceae (Quercus species), and typical families of geophytes
such as Orchidaceae, Iridaceae and Liliaceae, which were not
found in the other treatments. According to this analysis, the
Mediterranean, Iberian and Paleartic species were the ones that
encompassed most of the dissimilarity between the treatments
(81.7%). Of these, the Mediterranean species make the greatest
contribution to dissimilarity (56.7%) and were dominant in all
the treatments, especially OC, while the Iberian and Baetic species
dominated in AW (Supplementary Table S2).

The contribution of the main plant species to dissimilarity (up
to 68.5%) was especially notable in OC and AW (Table 6). Annual
grasses and legumes were dominant in OC. AW had a quite dif-
ferent plant species composition, with higher abundance of per-
ennial and woody species (Supplementary Table S2), while the
treatments involving tillage were dominated by ruderal species
such as Lolium rigidum, Diplotaxis virgata and Eruca vesicaria.

Species richness (S) was also influenced by a range of different
environmental variables. In particular, it was highly and positively
correlated with soil organic carbon content (r=0.617, P =0.000),
soil nitrogen content (r=0.516, P =0.000), soil shear stress (r=
0.404, P=0.001), and to a lesser extent with soil gravel percentage,
cation exchange capacity, C:N ratio, age of the olive grove, and
mean annual precipitation (Table 7). By contrast, species richness
was negatively correlated with the presence of woody crops (olive
groves) and the area of rainfed cereal calculated at landscape level,
soil pH, water resource depletion, olive canopy volume, mean
annual temperature and tree mound (Table 7). Abundance (N)
was also highly correlated with the soil organic carbon (r=
0.757, P=0.000), nitrogen (r=0.684, P =0.000), potassium and
phosphorus contents and with cation exchange capacity
(Table 7), as well as with soil shear stress and mean annual

https://doi.org/10.1017/51742170523000091 Published online by Cambridge University Press

precipitation. It was negatively correlated with soil pH (r=
—0.461, P=0.000), and with the presence of patches of woody
crops (olives) at landscape level.

RDA conducted using the abundance of individuals by plant
families clearly segregated the conventional combinations (C)
from the organic combinations (O) and the abandoned olive
groves (A). More specifically, the AW and OC combinations
showed a higher abundance of individuals belonging to families
such as Fabaceae, Poaceae and Asteraceae, etc., while families
such as Fumariaceae, Polygonaceae and Papaveraceae were more
abundant in OT and CT (Fig. 4). AC and CNT appeared in an
intermediate position between OC and OT-CT. The effects of
the explanatory variables (Monte Carlo test with 499 permuta-
tions) were highly significant for the first canonical axis
(Eigenvalue = 0.166, F-ratio=9.744, P=0.002) and for all the
canonical axes (Trace=0.339, F-ratio=2.509, P=0.002). The
total variance explained by all the variables used in the RDA
was 69.6%. The main variables explaining the total variance in
the data regardless of their interactions (singly analyzed, marginal
effects) were soil organic carbon and nitrogen, soil shear, mean
annual temperature and precipitation and olive age. When these
effects were taken into account (conditional effects), the signifi-
cant variables were soil organic carbon (1=0.11, F=7.44, P=
0.002), soil phosphorous content (4 =0.04, F=2.53, P=0.010),
soil shear (A =0.03, F=2.17, P =0.018), mean annual temperature
(A =0.04, F=2.38, P=0.010), slope (4 =0.03, F=2.24, P=0.006),
artificial surface (A =0.02, F=1.69, P=0.052) and soil clay (A =
0.02, F=1.67, P=0.040). In addition to having a higher abun-
dance of individuals belonging to the main plant families, both
OC and AW were influenced by and positively correlated with
the soil organic carbon, nitrogen and phosphorous contents, as
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OT, organic tillage; OC, organic cover crops; CT, conventional tillage; CNT, conventional non-tillage; AC, abandoned cover crops; AW, abandoned woody.

Only the R values that showed significance at a level of P<0.05 are shown.

Maria Noelia Jiménez et al.

well as with soil clay, slope, shear and olive age. By contrast, OT,
CT and CNT were correlated with mean annual temperature, and
the presence of artificial surfaces at landscape level (Fig. 4).

Finally, the ordination diagram obtained through the DCA run
for the individual abundance of the ‘species x plot’ matrix showed
the similarity between treatments according to their species com-
position and species richness (Fig. 5). In that biplot, treatments
including tillage (OT, CT) were poorer in species and had differ-
ent species composition than non-tilled treatments (OC, CNT).
In fact, in terms of species richness and species composition,
OC and CNT had more in common with the abandoned olive
groves (AW, AC) than with the tilled ones (OT, CT).

Discussion

In this study, we evaluate the ground cover and the composition
and diversity of the plant species in 20 sloping olive groves (in
Andalusia, SE Spain) tended using different farming and soil
management systems. These olive groves are subject to a range
of different environmental conditions and are at high risk of
being abandoned.

Independently of the farming system (organic or conventional)
applied in each olive grove, tillage (OT, CT) resulted in a low per-
centage of vegetation cover, litter and bryophytes on the soil sur-
face. This is because most of these components are either
destroyed or buried during tillage. By contrast, very high percen-
tages were recorded in abandoned or untilled olive groves. This
contrasts with the results obtained by Maccherini et al. (2013),
who observed an impoverishment of the bryophyte cover in aban-
doned olive groves with a strong presence of woody species.
Vegetation cover assessment shows that OT and CT had soil
coverage of less than 30%, the minimum level considered for con-
servation agriculture systems (Lal, 2015). The highest value was
obtained by OC with coverage of 73.8%. Meyer et al. (1970)
recorded a 1/3 reduction in soil water erosion compared to bare
soil when plant debris was used to provide 31% soil cover.
Espejo-Pérez et al. (2013) found practically zero erosion with cov-
ers of 70% in olive groves, and Sastre et al. (2018) noted a decrease
of 80% in soil erosion with Trachynia dystachia coverage of over
80%. Therefore, in the cultivation conditions being studied here,
on slopes of 20% or above, which are highly vulnerable to erosion,
OC, AC and AW offer very satisfactory levels of soil protection.

In general, the flora of the olive grove is dominated by annual
species (Pujadas Salva, 1986; Perrino et al., 2014; Simoes et al.,
2014), since one of the main objectives when managing the
weedy vegetation that appears in olive groves is to eliminate the
perennial species that are considered the greatest competition
for the main crop (Pujadas Salvd, 1986; Ferndndez-Quintanilla
et al., 1991). Indeed, the only treatment in which the species
with perennial life forms (chamephytes, hemicryptophytes, pha-
nerophytes) were the most abundant was AW, as reported by
Fernandez-Quintanilla et al. (1991) and Simoes et al. (2014).
That means that all the vegetation control operations involving
tillage (OT, CT) or herbicide application (CNT) tended to reduce
the vascular plant diversity. In short, although from an agronomic
point of view, vegetation control has traditionally been considered
advisable as a means of increasing olive production (Hugqi et al.,
2009), it has a high environmental cost, especially in sloping agri-
culture where the topsoil is more vulnerable to erosion.

The dominance of species from the Poaceae, Fabaceae and
Asteraceae families was also noted in previous studies of the
flora in Mediterranean olive groves (Hugqi et al, 2009; Solomou
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Table 5. SIMPER analysis for biotypes, families and chorological types

Biotypes Dissimilarity Avg- Contribution % Cumulative % oT ocC CcT CNT AC AW
Therophyte 44.5 64.8 64.8 9.0 44.3 7.1 14.7 29.2 12.8
Camephyte 11.3 16.4 81.2 0.3 1.7 0.5 0.6 2.2 9.7
Hemicriptophyte 8.9 13.0 94.2 0.9 2.5 0.6 1.8 23 7.4
Nanofanerophyte 2.8 41 98.3 0.1 0.1 0.0 0.1 0.1 3.0
Macrofanerophyte 0.8 1.1 99.4 0.0 0.3 0.2 0.0 0.0 0.3
Geophyte 0.4 0.6 100 0.0 0.0 0.0 0.19 0.1 0.2
Family

Poaceae 222 29.1 29.1 4.4 16.0 3.4 3.2 16.6 11.3
Fabaceae 16.6 21.7 50.8 11 14.7 1.9 6.2 7.1 6.5
Asteraceae 10.1 132 64.0 0.7 7.2 0.5 2.9 4.3 4.6
Lamiaceae 3.7 4.9 68.8 0.1 1.0 0.0 0.3 0.0 3.0
Brassicaceae 3.0 4.0 72.8 1.0 1.8 0.5 0.3 0.3 0.6
Rubiaceae 2.7 3.6 76.3 0.1 1.2 0.2 13 0.3 15
Apiaceae 2.2 2.9 79.2 0.1 0.9 0.2 0.6 13 1.1
Primulaceae 1.8 2.4 81.6 0.1 0.9 0.2 0.3 0.5 0.5
Convolvulaceae 1.7 2.2 83.8 0.6 0.7 0.5 0.2 0.4 0.2
Caryophyllaceae 1.7 2.2 86.1 0.6 0.7 0.1 0.6 0.4 0.0
Linaceae 1.6 2.1 88.2 0.1 0.5 0.1 0.1 0.5 0.9
Rosaceae 1.2 1.6 89.7 0.0 0.3 0.3 0.4 0.5 0.3
Plantaginaceae 11 14 91.2 0.3 1.0 0.0 0.0 0.7 0.3
Malvaceae 1.0 13 92.5 0.0 0.1 0.2 0.0 0.0 0.6
Euphorbiaceae 0.7 0.9 93.4 0.00 0.35 0.09 0.11 0.20 0.33
Geraniaceae 0.6 0.8 94.2 0.13 0.63 0.12 0.07 0.00 0.00
Veronicaceae 0.6 0.8 94.9 0.00 0.46 0.00 0.22 0.07 0.05
Cistaceae 0.4 0.6 95.5 0.00 0.04 0.00 0.00 0.07 0.43
Polygalaceae 0.4 0.5 96.0 0.13 0.13 0.00 0.00 0.07 0.17
Dipsacaceae 0.3 0.4 96.4 0.53 0.04 0.00 0.00 0.00 0.07
Campanulaceae 0.3 0.4 96.8 0.00 0.10 0.00 0.15 0.13 0.00
Resedaceae 0.3 0.4 97.2 0.33 0.02 0.06 0.07 0.00 0.00
Gentianaceae 0.2 0.3 97.5 0.00 0.00 0.00 0.00 0.33 0.00
Ranunculaceae 0.2 0.3 97.8 0.00 0.02 0.00 0.00 0.13 0.17
Asparagaceae 0.2 0.3 98.1 0.00 0.04 0.00 0.04 0.07 0.12
Hyacinthaceae 0.2 0.2 98.4 0.00 0.02 0.03 0.11 0.07 0.02
Rhamnaceae 0.2 0.2 98.6 0.07 0.00 0.00 0.00 0.00 0.17
Fumariaceae 0.1 0.2 98.8 0.00 0.00 0.09 0.00 0.00 0.00
Pinaceae 0.1 0.2 99.0 0.00 0.17 0.00 0.00 0.00 0.02
Smilaceae 0.1 0.1 99.1 0.00 0.00 0.00 0.00 0.00 0.10
Fagaceae 0.1 0.1 99.2 0.00 0.00 0.00 0.00 0.00 0.07
Papaveraceae 0.1 0.1 99.3 0.00 0.00 0.09 0.00 0.00 0.00
Clusiaceae 0.1 0.1 99.4 0.00 0.06 0.00 0.00 0.00 0.00
Orobanchaceae 0.1 0.1 99.5 0.00 0.02 0.00 0.00 0.00 0.07
Scrophulariaceae 0.1 0.1 99.6 0.00 0.00 0.00 0.22 0.00 0.00
Thymelaeaceae 0.1 0.1 99.7 0.00 0.00 0.00 0.00 0.00 0.10

(Continued)
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Table 5. (Continued.)

Biotypes Dissimilarity Avg: Contribution % Cumulative % oT ocC CcT CNT AC AW
Crassulaceae 0.1 0.1 99.7 0.00 0.02 0.00 0.04 0.00 0.00
Anacardiaceae 0.05 0.1 99.8 0.00 0.00 0.00 0.00 0.00 0.05
Capparaceae 0.04 0.1 99.9 0.00 0.00 0.03 0.00 0.00 0.00
Globulariaceae 0.03 0.03 99.9 0.00 0.00 0.00 0.00 0.00 0.02
Caprifoliaceae 0.02 0.03 99.9 0.00 0.00 0.00 0.00 0.00 0.02
Orchidaceae 0.02 0.02 99.9 0.00 0.00 0.00 0.00 0.00 0.02
Cyperaceae 0.02 0.02 99.97 0.00 0.00 0.00 0.00 0.00 0.02
Iridaceae 0.02 0.02 99.99 0.00 0.02 0.00 0.00 0.00 0.00
Liliaceae 0.01 0.01 100 0.00 0.00 0.00 0.00 0.00 0.02
Chorology

Mediterranean 36.6 56.7 56.7 7.7 322 6.6 10.6 213 20.8
Iberian 8.2 12.6 69.4 0.9 2.7 0.5 0.8 2.0 7.0
Paleartic 8.0 12.4 81.7 0.9 7.6 0.8 2.9 3.9 1.0
Cosmopolitan 6.6 10.3 92.0 0.1 4.8 0.6 2.2 53 1.9
Holartic 2.7 4.2 96.2 0.6 11 0.1 0.7 0.6 0.4
Euroasian 2.2 3.5 99.7 0.0 0.4 0.0 0.2 0.8 2.1
Baetic 0.2 0.3 99.9 0.0 0.0 0.0 0.0 0.0 0.2
Atlantic 0.05 0.07 100 0.1 0.0 0.0 0.0 0.0 0.0

OT, organic tillage; OC, organic cover crops; CT, conventional tillage; CNT, conventional non-tillage; AC, abandoned cover crops; AW, abandoned woody.
The dissimilarity average (Bray-Curtis distance), the contribution of each type, and the accumulated contribution are presented. The highest values that contribute most to the differentiation

appear in shading.

and Sfougaris, 2011; Perrino et al., 2014; Simoes et al, 2014).
When vegetation is controlled exclusively by the application of
pre-emergence herbicides (CNT), this favored the establishment
of annual legumes, such as Medicago minima, M. orbicularis,
M. polymorpha, Scorpiurus muricatus and Astragalus hamosus,
which germinate well in the fall without the need to bury the
seeds (Siles et al, 2016). The widespread presence of annual
legumes was reported by Saavedra et al. (1992) when studying
untilled olive groves where the vegetation was controlled with her-
bicides. The floristic composition of OC (Table 5) presented a
balanced composition of Poaceae and Fabaceae, which according
to Simoes et al. (2014) is the ideal cover for soil health and agro-
nomic purposes. This is because the Poaceae species generally
produce more biomass and fix more soil carbon due to their fas-
ciculated root system and root renewal rate (Marquez-Garcia
et al., 2013), while the Fabaceae species increase inorganic N in
the soil (Rodrigues et al., 2013). A mixture of Poaceae and
Fabaceae with a balanced C:N ratio is therefore highly recom-
mended in this sense. In our case, this occurs naturally in the
OC treatment, which is also the one with greatest biodiversity.
The species Trachynia distachya was dominant (spontan-
eously) in AW, OC and AC (Table 6), which explains why so
many research studies refer to it and why it has been chosen as
a suitable option for those wishing to plant vegetation covers in
their olive groves. T. distachya has been used as a cover crop
because it germinates in the field without having to be planted
under the soil (Jiménez-Alfaro et al, 2018). It has also been
used as a cover crop in olive groves on gypsum soils (Sastre
et al, 2017, 2018). Its carbon sequestration capacity in olive
grove soils has also been analyzed (Repullo-Ruibérriz de Torres
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et al., 2018), and it has been used as a cover crop in conservation
agriculture to prevent soil degradation and ensure sustainability
(Rodriguez-Lizana et al., 2018).

The dominant species in the tilled olive groves (CT and OT)
was Lolium rigidum. Trials with Lolium in which seeds were bur-
ied by tillage showed that seeds buried at 10-20 cm have more
persistence, deteriorate less and come out before dormancy
(Cechin et al., 2021). This explains the dominance of this species
and other similar ruderal species in tilled olive groves (Cohen
et al., 2015). In untilled groves, Lolium seeds remain on the sur-
face, where they become a food source for predatory ants
(Baraibar et al., 2017). Tillage, however, tends to bury the seeds,
which in this way escape their predators. The ants themselves
are also affected by tillage, even when tine farrows are used
(Campos et al., 2011; Hevia et al., 2019).

Finally, it is known that frugivorous bird species are respon-
sible for high seed dispersal of fleshy fruit species. It is possible
that these birds use olive trees as perches (Riihl et al., 2011;
Gonzalez-Varo et al., 2017). That would explain the existence of
perennial species with fleshy fruit in the area under the olive
tree canopy in AW. Species such as Sylvia atricapilla show a pref-
erence for abandoned olive trees rather than those that are inten-
sively cultivated (Assandri et al., 2017). That could explain why
some species were only found in the AW olive groves. Those
include Pistacia lentiscus, P. terebintus, Quercus rotundifolia,
Rubus  ulmifolius, Smilax aspera, Asparagus acutifolius,
Rhamnus alaternus and Rubia peregrina among others, character-
istic species of the Mediterranean forest and of endozoochorous
seed dispersal (Bonet and Pausas, 2004). As expected, they are
also more abundant in abandoned olive groves because they
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Table 6. Results of SIMPER analysis showing the dissimilarity average (Bray-Curtis distance), and the contribution (%) made by the different plant species (total,
cumulative and for each treatment).

Taxa Dissimilarity Avg. Contribution % Cumulative % oT ocC CT CNT AC AW
Trachynia distachya 6.4 6.8 6.8 0.07 4.33 0.39 0.37 3.07 2.88
Medicago minima 4.4 4.7 114 0.33 4.50 0.30 1.81 2.07 0.33
Lolium rigidum 3.8 4.1 15.5 1.60 1.44 2.03 0.41 113 0.02
Bromus madritensis 3.4 3.6 19.1 0.47 2.54 0.33 0.96 2.47 0.38
Avena sativa 3.1 33 224 0.07 1.88 0.15 0.59 4.53 0.43
Aegilops geniculata 3.0 31 25.5 0.93 1.83 0.36 0.19 1.87 0.36
Medicago rigidula 2.9 3.0 28.5 0.13 2.02 0.21 1.37 1.27 0.24
Scorpiurus muricatus 2.6 2.8 313 0.07 2.17 0.42 1.19 0.33 0.19
Leontodon longirrostris 2.6 2.7 34.0 0.13 1.90 0.03 0.37 1.47 1.02
Helichrysum italicum 1.8 1.9 35.9 0 0.17 0 0 0.67 0.79
Dactylis glomerata 1.8 1.9 37.8 0 0.35 0 0 0.80 1.64
Anagallis arvensis 15 1.6 39.4 0 0.81 0.03 0.22 0.33 0.38
Brachypodium retusum 14 14 40.8 0 0.19 0 0 0 1.38
Macrochloa tenacissima 13 14 423 0 0 0 0 0 1.36
Retama sphaerocarpa 13 1.4 43.7 0.07 0.02 0 0 0.07 1.55
Medicago truncatula 13 13 45.0 0.07 1.35 0 0.33 0 0

Silene latifolia 1.2 1.2 46.2 0.60 0.21 0.03 0.48 0 0

Linum suffruticosum 1.2 1.2 47.4 0.13 0.38 0.06 0 0 0.60
Avena barbata 1.0 1.1 48.5 0.07 0.48 0.03 0.56 0.13 0.48
Bromus diandrus 1.0 1.1 49.6 0.07 1.27 0 0 0.60 0.05
Aegilops triuncialis 0.9 1.0 50.5 0 0.50 0 0 1.47 0.21
Avenula bromoides 0.9 0.9 S5 0 0.02 0 0 0 0.91
Galium verticillatum 0.9 0.9 52.4 0 0.35 0.06 0.52 0.07 0.24
Trifolium scabrum 0.8 0.9 53.3 0 0.92 0.12 0.04 0.73 0.10
Sanguisorba verrucosa 0.8 0.9 54.2 0 0.19 0.06 0.41 0.47 0.21
Diplotaxs virgata 0.8 0.9 55.0 0.20 0.44 0.06 0.19 0.13 0.02
Convolvulus meonanthus 0.8 0.9 55.9 0.53 0.40 0.15 0.07 0.40 0.10
Calendula arvensis 0.8 0.8 56.7 0.07 0.54 0 0.67 0 0.02
Teucrium pseudochamaepytis s 0.8 0.8 57.6 0 0.13 0 0 0 0.71
Sherardia arvensis 0.7 0.8 58.3 0 0.54 0.12 0.33 0.20 0.26
Thymbra capitata 0.7 0.8 59.1 0 0.31 0 0 0 0.24
Medicago polymorpha 0.7 0.8 59.9 0 0.88 0 0.41 0 0.02
Scandix pecten-veneris 0.7 0.8 60.6 0 0.58 0 0 0.93 0

Glossopappus macrotus 0.7 0.7 61.4 0 0.46 0 0.19 0.33 0.24
Phagnalon rupestre 0.7 0.7 62.1 0 0.02 0 0.07 0.40 0.26
Thymus mastichina 0.6 0.7 62.8 0.07 0 0 0 0 0.67
Bituminaria bituminosa 0.6 0.6 63.4 0 0.25 0.09 0.04 0.07 0.41
Ulex parviflorus 0.6 0.6 64.1 0 0 0 0 0 0.60
Vicia lutea 0.6 0.6 64.7 0 0.23 0.12 0.07 0.60 0.02
Euphorbia exigua 0.6 0.6 65.2 0 0.27 0.09 0.11 0.13 0.24
Eruca vesicaria 0.5 0.6 65.8 0.27 0.19 0.15 0.04 0 0

Cistus albidus 0.5 0.6 66.4 0 0 0 0 0 0.55

(Continued)
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Table 6. (Continued.)
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Taxa Dissimilarity Avg. Contribution % Cumulative % oT ocC CcT CNT AC AW
Sonchus oleraceus 0.5 0.6 67.0 0 0.52 0.03 0.15 0.07 0.07
Cuscuta sp. 0.5 0.6 67.5 0.07 0.10 0.27 0 0 0.02
Crepis foetida 0.5 0.5 68.1 0 0.63 0 0.11 0.20 0.05
Hordeum murinum 0.4 0.5 68.5 0 0.63 0.03 0.04 0 0

OT, organic tillage; OC, organic cover crops; CT, conventional tillage; CNT, conventional non-tillage; AC, abandoned cover crops; AW, abandoned woody.
The highest values that contribute most to the differentiation appear in shading. The cumulative contribution (%) made by all these species comes to 68.5%.

Table 7. Pearson’s correlation coefficients between soil/agro-environmental
variables with abundance of individuals (N) and species richness (S). The
asterisks show significant differences at 0.05 (*); 0.01 (**); and 0.001 (***).

Flora abundance (N)

Pearson’s Sig. (bilateral)

PH —0.461 Frx
Soil organic carbon (Mg-ha™) 0.757 bl
Soil nitrogen (Mg-ha™) 0.684 b
Shear stress (kPa) 0.373 **
Soil potassium (kg-ha™) 0.38 *x
CEC (cmol™-kg™) 0.336 o0
Soil phosphorus (Mg-ha™?) 0.314 *
Woody crops (ha) —0.287 *
Average precipitation (mm) 0.283 *
Average temperature (°C) —0.253 *
Grassland surface (ha) 0.253 *
Flora richnes (S)

Pearson’s Sig. (bilateral)

Soil organic carbon (Mg-ha™) 0.617 b
Soil nitrogen (Mg-ha™?) 0.516 xx
Shear stress (kPa) 0.404 Frx
Soil coverage tree canopy (m*ha™%) —0.346 >
Olive age (y) 0.34 >
Grassland surface (ha) 0.324 «
Woody crops (ha) —0.308

Gravels (%) 0.304 «
pH —0.297

Water resource depletion (mm) —0.283

Average precipitation (mm) 0.278 “
Olive tree surface (ha) 0.275

Canopy volume (m3-ha™?) —0.27

Average temperature (°C) —0.268

Tree mound (m3-ha™?) —0.269 &
CEC (cmol*-kg™) 0.266

C:N 0.258 .
Rainfed cereal surface (ha) —0.258
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disappear or are rarer in areas where the vegetation is returned to
the early stages of natural succession by soil management (e.g.,
tillage). In any case the presence of olive trees, which also grow
wild in the Mediterranean region, could facilitate the return to
the native forest.

In this paper we demonstrate how different farming systems
and soil management techniques can affect biological diversity
at different levels, in terms of individual abundance, plant
cover, species richness and diversity, species and family compos-
ition, as well as life forms and species distribution patterns. The
soil management systems involving soil tillage (CT, OT) showed
the least biodiversity, even in organic olive groves, where the tilled
groves (OT) were much poorer in species than those with native
plant cover (OC). Similar plant biodiversity results were recorded
by Carpio et al. (2020), albeit only in terms of species richness.
However, in a study by Terzi et al. (2021) of olive groves in
Apulia (Italy), tillage was not the worst culprit in terms of redu-
cing biodiversity, in that herbicides produced even lower levels,
probably due to a more intensive use of herbicides than in our
plots (CNT).

In view of our results, there are two possible alternatives to
conventional olive cultivation. The first would be the abandon-
ment of marginal sloping olive groves and their conversion into
woodland spaces (as has happened in AC and especially AW);
and the second would be the conversion to organic farming
with native plant cover (OC). The latter could reconcile agricul-
tural activity in sloping olive groves with the conservation of bio-
diversity and its associated ecosystem services, therefore
increasing the sustainability of olive production.

AW and OC were the treatments that showed the greatest
coverage and therefore protection of the soil by native vegetation,
together with litter and bryophytes. They also favored the coexist-
ence of the greatest abundance of individuals, species and families
of vascular plants, and had higher diversity index values and more
life forms. The tilled (CT and OT) and conventional non-tilled
(CNT) treatments gave rise to unprotected soils and very low bio-
diversity values, which is quite unsustainable. Despite being
organic, OT could be considered ‘non-bioinclusive’, which con-
tradicts the essential principles of organic farming.

In this regard, the combination of farming system and soil
management technique in olive groves has rarely been addressed
in the literature. Solomou and Sfougaris (2011) pointed out that
the organic olive grove (grazed and cleared) increases the alpha
and beta diversity of herbaceous plants compared to conventional
systems (with and without herbicides). In addition, the best
chemical and microbiological properties of the soils are obtained
in organic olive groves with cover crops of Fabaceae species whose
remains are left on the surface (Herencia, 2018). Increases in soli-
tary bees (Martinez-Nuiez et al., 2019), Lepidoptera Rhopalocera
(Sanchez-Fernandez et al, 2020), and birds (Martinez-Nunez
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Fig. 4. RDA biplot made with species-abundance data showing the spatial distribu-
tion of the plant families (above), and the main environmental variables influencing
the accumulated variation (below). In the latter, the treatments are also projected as
nominal variables. A=Abandoned, O = Organic, C = Conventional. OT = organic tillage;
OC = organic cover crops; CT =conventional tillage; CNT = conventional non-tillage;
AC = abandoned cover crops; AW = abandoned woody. CO = soil organic carbon (Mg
ha™%), NSOIL = soil organic nitrogen (Mg ha~?), PSOIL=soil phosphorous content
(Mg ha™'), PAVG=mean annual precipitation, TAVG =mean annual temperature,
SHEAR = soil shear stress (kPa), OLIAGE =olive age, ARTI = artificial surface in the 1
km-radius buffer zone.

et al., 2020) have also been reported in organic olive groves with
cover crops. In fact, the improved sustainability of organic olive
groves with plant cover and mechanical mowing as compared
to those with conventional tillage is widely recognized, bringing
a range of benefits such as reduced soil erosion and soil organic
carbon depletion (Soriano et al., 2014). In this way, organic
olive groves with cover crops could provide a solution for enhan-
cing ecosystem services (Keesstra et al., 2018).

However, the abandonment of sloping olive groves could have
a number of disadvantages, such as the loss of direct economic
income, which might encourage people to leave rural areas, the
loss of the associated sociocultural heritage and the increased
risk of fires (Allen et al, 2006). At the same time, it could also
be seen as a great opportunity to regenerate patches of forest
inside agricultural landscapes, so creating islands of biodiversity
of enormous interest as green infrastructure that provides ecosys-
tem services to nearby crops (i.e., biological control of pests),
wildlife refuges for endemic or local species and ecological
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Fig. 5. DCA biplot made with species-abundance data showing the spatial ordination
of plots according to their similarity in species composition and species richness
(indicated by the circle size). Organic tillage (OT) and conventional tillage (CT) are
shown with yellow circles, organic cover crop (OC) and conventional non-tillage
(CNT) with green circles, and the abandoned treatments (AW, AC) with purple circles.

corridors (Paredes et al, 2013). In fact, Guzman-Alvarez and
Navarro (2008) estimated that 75% of marginal olive groves in
Andalusia could be afforested solely by natural processes. Our
results show that: (i) the abandonment of sloping olive groves
would be beneficial from a biological and environmental point
of view (unlike other studies which suggested otherwise) and
(ii) that in certain landscape contexts it might be advisable to
offer farmers financial incentives to encourage them to do so.

For its part, the conversion to organic agriculture with spon-
taneous or native plant cover could be a very interesting solution
to reconcile socioeconomic activity with environmental and bio-
diversity protection. This could increase the added value of the
products and make these marginal olive groves more viable.
This would reduce the risk of abandonment, so maintaining the
sociocultural and economic benefits for rural areas. It could
also improve biodiversity and ecosystem services. Likewise, if
farmers were ‘remunerated or encouraged’ to adopt certain soil
management techniques that entail improvements in biodiversity,
erosion control or carbon sequestration (e.g., native cover crops),
that could help prevent the loss of the sociocultural and economic
benefits produced by sloping olive groves (CAPDR, 2018;
ESYRCE, 2021).

The introduction of plant cover is currently prioritized and
subsidized by governments, as is the conversion to organic agri-
culture, and this could be a great opportunity to monetize sloping
olive groves. In this case, plant cover should be mandatory for
olive groves (and other woody crops) on slopes of over 20% or
perhaps even less, regardless of the farming system. In organic
woody crops, tillage should not be allowed, especially on slopes
(at present it is permitted under European organic farming regu-
lations, despite being considered harmful for the soil). To this
end, we suggest that organic certification schemes should incorp-
orate additional or more specific criteria on farm soil and vegeta-
tion management, as proposed by De Leijster et al. (2020). The
higher prices of organic olive oil (and other organic products
such as almonds), together with EU subsidies for organic agricul-
ture, should also help make these sloping olive groves more eco-
nomically viable.

Finally, the richness, composition and abundance of species
and plant families were shown to be influenced by local abiotic
characteristics such as mean annual precipitation and tempera-
ture, and by certain physical-chemical properties of the soil and


https://doi.org/10.1017/S1742170523000091

16

landscape complexity, as was quantified by Allen et al. (2006) in
olive groves in Crete (Greece). These authors found that elevation
(related to temperature (—) and precipitation (+)), slope, soil pH,
organic matter and soil N and P contents were good predictors of
plant data variability. For their part, Baessler and Klotz (2006)
established a clear relationship between landscape complexity
and plant diversity, which is in line with our results in the
sense that more homogeneous, more intensively-farmed land-
scapes (abundance of woody crops, rainfed cereal or artificial sur-
faces) had a negative correlation with plant diversity. That is
probably because simplified landscapes of this kind have less
plant diversity, fewer seed sources and more barriers to dispersal.
In turn, the environment can be improved by the richness and
abundance of the species themselves, which can lead to higher
concentrations of soil organic carbon, nitrogen, phosphorous, cat-
ion exchange capacity, etc. These aspects should be taken into
account in the design of incentive policies aimed at encouraging
farmers to convert to certain specific land uses, soil management
or farming systems.

Conclusions

In this paper, we have shown that, for biological conservation in
sloping olive groves, the soil management techniques used by
farmers are more important than the farming system, a finding
that partially contradicts hypothesis 1. Specifically, on both con-
ventional and organic farms, treatments involving tillage should
not be considered as bio-inclusive or environmentally sustainable.
By contrast, treatments with native cover crops had a significant,
positive influence on plant diversity, so confirming hypothesis
2. According to this hypothesis, plant diversity was also affected
by the environment, especially by climate, soil features and land-
scape complexity. From an environmental perspective and in the
face of increasing competition from intensive olive farming, our
recommendation is that the marginal sloping olive groves which
are normally managed by tillage should either be abandoned or
converted to organic agriculture with spontaneous or native
plant cover. The first solution could entail various disadvantages,
especially in terms of loss of income, but it could also provide a
great opportunity to recover ecosystem services. The second
could be a very interesting solution for reconciling socioeconomic
activity with environmental and biodiversity protection.

Supplementary material. The supplementary material for this article can
be found at https:/doi.org/10.1017/S1742170523000091.
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