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In Southern Spain, olive trees have traditionally been cultivated in marginal areas with
relatively shallow and bare soils under rainfed conditions, resulting in heavy soil losses and
soil degradation. The implementation of temporary spontaneous cover crops in the inter-
rows of olive groves, has proven to be a suitable diversification strategy to reduce soil
erosion but it can also contribute to climate change mitigation and the boosting of internal
nutrient recycling. However, information on the contribution of cover crops to atmospheric
CO, fixation and on nutrient retention in olive groves is scarce, which is a major drawback
when it comes to modelling on larger spatial scales. In this study, we aimed to assess the
potential effects of temporary spontaneous cover crops in olive groves on COs fixation and
nutrient retention. The aerial biomass of cover crops (0.25m? frames) and contents of
carbon and nitrogen (CNHS analyser), phosphorus and potassium (IPC-MS) were
analyzed in 46 commercial olive groves with different tree densities and cover crop
layouts; the whole farm (WCC), the whole farm except the area below the tree canopy
(CCCQ) or in bands of a given width in the inter-row area (BCC). Cover crops of 56% of the
olive groves were under BCC whereas only 17% were under WCC. The annual net primary
production of cover crops under WCC (1,707.4 kg DM ha™' y~") was significantly higher
than that of CCC (769.5 kg DM ha™" y~') and with intermediate values for BCC (1,186.4 kg
DM ha~'y™"). Similarly, the annual rate of C-CO, fixation in the annual net primary
production of olive groves with WCC (642.1kgCha™' y™') was 1.35 and 2.1 times
higher than the olive groves with BCC and CCC, respectively. On average,
19.5kgNha™"y', 2.48kgP ha 'y and 24.30 kgKha™' y~' was accumulated in the
biomass of the cover crops. This study demonstrates that cover crops contribute
significantly to CO, reduction and the retention of significant amounts of tree-unused
nutrients. In addition, the higher the area covered by cover crops, the higher the
contribution to these ecosystem services.

Keywords: Olive orchards, Cover crops, CO, fixation, nutrient retention, Diversification

Abbreviations: ANPP, annual net primary production; BCC, TSCC in bands of a given width in the inter-row area; CCC, TSCC
in the whole farm except the area below the tree canopy; DM, dry matter; SOC, soil organic carbon; TSCC, temporary
spontaneous cover crops; WCC, TSCC in the whole farm.
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1 INTRODUCTION

Olea europaea L. is the most important perennial crop grown in
the Mediterranean basin. It occupies about 10 million ha and it
shapes the socio-economic and cultural life of many villages
(Loumou and Giourga, 2003). Furthermore, olive orchards
configure the rural natural landscapes of many areas in Spain,
Italy, Portugal and Greece. Andalusia, the southernmost region of
Spain, is the largest producer of olive oil in the world, and about
47% of its arable land is devoted to olive groves (MAPA, 2020a).
Therefore, current and subsequent changes in management
practices have a great impact on climate change mitigation
and adaption, biodiversity and provision of ecosystem services
on a regional scale (Lopez-Vicente et al., 2021).

In the pre-industrial period, olive-groves often fulfilled
multiple functions in rural communities, but they gradually
shifted to intensive systems to maximize commercial
profitability (Infante-Amate and de Molina, 2013). This
entailed several changes in management from 1970 onwards,
such as an increase in the tree density, the widespread application
of synthetic agrochemicals and an intensive use of tillage,
irrigation and fossil fuels (Beaufoy, 2001). In recent decades,
olive farming has also become a paradigmatic example of
territorial expansion and concentration with a clear trend
towards monoculture (Ortega et al., 2020). This has in turn
resulted in simplified landscapes with a relatively low capacity
for providing ecosystem services other than the production of
olives fruit.

Olive cultivation is strongly associated with soil and water losses
by erosion and runoff mainly due to: 1) its location on marginal soils
and steeply sloping soils (Gomez et al, 2003), 2) the relatively
intensive and short rainfall episodes during autumn and late winter,
characteristics of Mediterranean climate (Morugan-Coronado et al.,
2020), 3) the sparse ground cover provided by the tree canopy (Fraga
etal,, 2021), 4) the soil management based on the systematic removal
of the unwanted herbaceous vegetation to avoid competition for
water, often by tillage (Gomez, 2017). As a result, erosion has been a
historical source of environmental degradation in olive groves, which
has been exacerbated by the intensification process (Vanwalleghem
et al, 2011). Soil erosion not only means the loss of the inorganic
fraction of the soil, but also the loss of soil organic matter, which is an
important reservoir of organic carbon, nutrients and valuable soil
biota (Zuazo and Pleguezuelo, 2008). Therefore, soil erosion is a
great threat to the economical sustainability of the olive grove, since
it impacts negatively on the soil fertility (Liu et al., 2021).

In order to mitigate soil losses by erosion, the regional
authorities of Spain implemented a regulation that enforced
the establishment of temporary herbaceous covers of a
minimum of 1m width in the inter-row area of olive groves
with a mean slope greater than 15% (MAGRAMA, 2014).
Moreover, it is likely that these conditions will be changed to
a minimum of 2 m width on a mean slope higher than 10% in the
new eco-schemes of the CAP 2023—2027 (European
Commission, 2021).

Cover crops are a recognized agricultural diversification tool
(Rosa-Schleich et al., 2019). In woody crops orchards, they
usually consist of a native or seeded herbaceous cover
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intercropped in the inter-rows, which is mowed or removed
ata given time to avoid competition with the trees for water and
nutrients (Junta de Andalucia, 2007; Francaviglia and Vicente-
Vicente, 2021). It has been demonstrated that cover crops
provide a wide variety of soil ecosystem services such as
reduction of soil and water loss by erosion and runoff
(Sastre et al., 2017; Gémez et al., 2018; Repullo-Ruibérriz de
Torres et al., 2018). They have also been shown to increase the
stock of soil organic carbon (Almagro and Martinez-Mena,
2014; Lopez-Vicente et al., 2021). When implemented between
the harvest and the sowing of annual crops, cover crops have
demonstrated to decrease nutrient leaching (Abdalla et al,
2019). In perennial woody crops, such as olive groves,
temporary spontaneous cover crops (TSCC) reduced the
nutrient losses during rainfall events by reducing runoff
yield and soil loss (Rodriguez-Lizana et al., 2007; Gémez
et al., 2009). Some studies have suggested that cover crops
might retain nutrients when the nutrient demand of the tree is
low (Garcia-Ruiz et al.,, 2011) and then release them through
mineralization when the olive tree is active (Gémez-Muiioz
et al., 2014). Furthermore, cover crops may also reduce the
downward movement of nitrate and potassium, retrieve N, P
and K from superficial and deep soil layers, and fix atmospheric
N, if the TSCC community includes a significant proportion of
legumes. Therefore, one of the roles of TSCC in olive orchards
is to boost internal nutrient recycling by transforming
inorganic nutrients into organic nutrients embedded in the
TSCC biomass. However, there is little information on the
nutrient retention capacity of cover crops in tree crops and
olive groves (Gomez-Mufioz et al.,, 2014; Rodriguez-Liazana
et al., 2020; Repullo-Ruibérriz de Torres et al., 2021a). Most of
the studies on the effects of cover crops on olive groves usually
focus on particular species to be used as seeded cover crops,
although they often include spontaneous cover crops for
comparative purposes. On the other hand, these studies are
not based on extensive sampling, but are performed on a single
or few experimental plots. This is a major drawback in
extrapolating the results on to a larger spatial extent
(Goémez, 2017), which is necessary to model the beneficial
effects of diversification in olive groves on climate change
mitigation and nutrient retention.

Boosted by cross-compliance measures attached to agrarian
subsidies and by scientific dissemination, the implementation of
cover crops is becoming popular in olive-groves in Andalusia
(Junta de Andalucia, 2015b). According to the last national survey
on soil management (MAPA, 2020b), 37% of the olive grove areas
in the region are managed by cover crops, of which about 99% are
temporary spontaneous cover crops. However, this survey does
not provide any information on the percentage of soil covered by
cover crops, different cover crop design strategies, the number of
months taken to maintain the cover crops, the control methods or
the amount of biomass produced. Recent studies have used GIS
and remote sensing methodologies to estimate the degree of soil
cover (Pefia-Barragan et al,, 2004; Cruz-Ramirez et al.,, 2012;
Lima-Cueto et al., 2019) or the biomass production of temporary
spontaneous cover crops through satellite or aerial images
(Blazquez et al, 2021). Although these methodologies are
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FIGURE 1 | Location of the selected olive groves in Andalusia.

O Experimental plots
| Olive cultivation area

suitable to estimate the covered area, they are still not sufficiently
precise to estimate the biomass.

The capacity of temporary spontaneous cover crops as a
diversification strategy to provide ecosystem services is ultimately
determined by the fraction of soil covered (Zuazo and Pleguezuelo,
2008; Laflen et al., 1985; Unger et al., 1991; Sastre et al., 2017) and the
biomass produced (Finney et al., 2016; Gémez, 2017). For instance,
Gomez et al. (2009) found that by applying the RUSLE model in
olive groves, the higher the area covered by TSCC (WCC and CCC),
the lower the soil erosion. Therefore, proper characterization of the
temporary spontaneous cover crops in many real and representative
olive groves of Andalusia needs to be accomplished. We hypothesize
that TSCC might significantly reinforce the role of olive groves in
mitigating climate change and in retaining nutrients within the
orchard, and that the magnitude of these will differ according to the
TSCC layout models. This study aims to assess the aboveground net
primary production, the nutrient retention potential and the carbon
fixation of TSSC in 46 commercial olive groves of Andalusia.

2 MATERIALS AND METHODS

2.1 Olive Groves Selection

46 olive groves with spontaneous cover crops before 2015 were
randomly selected using Google Earth Pro images from the
provinces of Jaén, Coérdoba, Granada and Seville (Figure 1;
Supplementary Table S1). These are the areas with the
highest olive oil production in Andalusia, accounting for 72%
of the Spanish and 27% of the total world production (Vilar and
Pereira, 2018; MAPA, 2020a).

Sampling was carried out on the selected olive groves from
mid-March to mid-April 2021. In each olive grove, the canopy
area of five trees was measured using Google Earth Pro and the
total canopy area per hectare was obtained from the mean tree
canopy area and the tree density. Sampled olive groves included
30 traditional (<150 trees per hectare), 13 intensive (150—400
trees per hectare), and three super-intensive orchards (>400 trees

per hectare), with a tree canopy area ranging between 534.9 and
4,833.5m”>ha”" (Supplementary Table S1). The annual rainfall
during 2021 and over the previous 10 years (2011-2020) was
obtained from the closest weather stations (Agroclimatic
Information Network of Andalusia, RIA). The 10-years
(2010-2020) mean annual rainfall ranged between 332 and
615 mm, whereas that of 2021 was on average, 25% lower
(between 204-459) than that (RIA, 2021).

The soil types of the selected plots were obtained from the
REDIAM WMS Soil Map of Andalusia (Junta de Andalucia,
2012), prepared by the Ministry of the Environment using as
reference base the Landsat-TM satellite orthoimage. The soils
appear in cartographic units characterized by associations
grouped at the second order level of the FAO classification
criteria (FAO-UNESCO, 1974) and the Soil Map of the
European Union (CEC, 1985).

The main soil types in the selected olive groves are calcareous
regosols and calcic cambisols with lithosols, calcareous fluvisols
and rendsins (37% of the olive groves), calcium cambisols with
calcareous regosols (13%) and calcareous regosols and calcium
cambisols with calcium luvisols and calcareous fluvisols (11%).

2.2 Sampling of Temporary Spontaneous
Cover Crop and Aboveground Net Primary

Production Estimates

The aboveground biomass was estimated by the Ravindranath and
Ostwald harvest method (2008). Olive groves were visited between
mid-March 2021 to the end of April 2021 and the aboveground
biomass of the temporary spontaneous cover crops was harvested a
few days before the farmers controlled them. Mid-March to Mid-
April is the recommended period to control the cover crop to avoid
competition for water in Andalusia, especially in rainfed olive groves
(Junta de Andalucia, 2007). In each of the olive groves, five 0.5 m x
0.5 m frames were randomly set in the area covered by temporary
spontaneous vegetation and the aboveground biomass was manually
cut to ground level with grass shears and stored in plastic bags
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(Goémez-Munoz et al,, 2014). In each of the olive groves where the
spontaneous cover crops occupied a strip in the inter-row tree area,
the width of at least five strips was recorded.

Samples were dried in an oven at 50°C for 4 days. After being
dried, the harvested biomass was weighed. The harvested
aboveground biomass was assumed to be the aboveground net
annual primary production as it was produced between April of
2020 to mid-April 2021, when sampling was carried out.

The area covered by temporary spontaneous cover crops
(TSCC) in lha was estimated by photointerpretation of
Google Earth Pro images depending on the cover crop layout.
For olives groves where the whole ground was covered by the
TSCC (hereinafter referred to as WCC), an occupation of 100% of
the area was assumed. For olives groves where the cover crop was
absent under the tree canopy but occupied all the inter-tree rows
(hereinafter referred to as CCC), the cleared area under the tree
canopy of five trees was measured using Google Earth Pro and the
mean was extrapolated to 1 ha by considering the tree density.
This cleared area was subtracted from 1 ha to calculate the area
covered by the TSCC. When the TSCC of the olive groves
occupied a strip of the inter-tree row area (hereinafter referred
to as BCC) of a given width, the number of inter-tree rows in
100 m and the mean width area were taken into account to
calculate the area in 1 ha occupied by temporary cover crops.

The annual aboveground net primary production (kg DM
ha™'y™') was calculated by taking into account the harvested
biomass in the frames (g DM in 0.25 m?) and the area covered by
the cover crop in 1 ha.

2.3 Carbon, Nitrogen, Phosphorus and

Potassium Analyses

Once the biomass was weighed, an aliquot of between 20 and
100 g was completely ground to powder with a hammer mill with
a 1 mm sieve. Carbon and nitrogen were analyzed in a CHN
elemental analyzer (Leco TruSpect Micro). In addition, an aliquot
of the milled biomass was subjected to perchloric-nitric (3:5 v/v)
digestion and the total phosphorus (P) and potassium (K) were
analyzed in an ICP-MS mass spectrometer (Agilent 7900). The
contents of total carbon, nitrogen, phosphorus and potassium of
the aboveground biomass of the temporary spontaneous cover
crops were expressed as percentages on dry weight basis.

The accumulation of carbon, nitrogen, phosphorus and
potassium in the TSCC (kg element ha™'y™') was calculated
by taking into account the harvested biomass in the frames (g DM
in 0.25 m®), the area covered by the cover crop and the C, N, P
and K contents of the aerial biomass.

The atmospheric CO, captured annually (kg CO, ha™' y™') by
the TSCC was calculated from the C accumulated in the aerial
biomass (kg Cha™" y™'), using a molecular weight ratio (1.0 g
carbon = 3.66 g CO,) and by assuming that the C taken up by
plants comes exclusively from the atmospheric CO,.

2.4 Statistical Analysis

Statistical analyses were performed using the statistical software
STATISTICA v.10 (StatSoft Inc.). The effects of the typologies of
the TSCC layout (WCC, CCC, and BCC) and the categories of
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FIGURE 2 | Box and whiskers plot of the inter-row area of the olive
groves for each of the cover crop layouts (A) and tree density categories (B).
Horizontal black line, x-shaped cross, box borders and whiskers stand for the
median, the mean, quartiles and outliers. Different letters over the box-
plot indicate significant differences (p < 0.05). WCC, CCC and BCC stand for
olives groves where TSCC occupied the whole area, was absent under tree
canopy or only occupied a strip of the inter-row area, respectively. TRA, INT
and SUP stand for olive grove with a traditional, intensive and superintensive
tree density.

tree densities (traditional, intensive and superintensive) on the
studied variables were tested using the non-parametric Kruskal-
Wallis test (p < 0.05) and differences between factor groups were
tested by pairs with the Mann-Whitney U test (p < 0.05).

3 RESULTS

The statistical results of Kruskal Wallis and Mann-Whitney tests
are presented in the Supplementary Tables S2, S3, S4, and S5.

3.1 Spontaneous Cover Crop Layout and

Area Covered

Three main cover crop layouts were identified. In eight of the 46
olive farms, TSCC covered the whole olive grove (WCC), whereas
in 12, TSCC was absent in the area under tree canopy (CCC).
Finally, in 26 of the olive groves, the TSCC was distributed in
strips of a given width in the inter-rows area (BCC). The mean
width of the strips with TSCC was 3.2 m. Besides that, 69 % and
100% of the olive groves under intensive and super-intensive tree
densities, respectively had a TSCC layout of BCC. The mean tree
densities of the olive groves managed with WCC, CCC and BCC
were 167, 93, and 260 trees per hectare, respectively.
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FIGURE 3 | Box and whiskers plot of soil covered by TSCC for each of

the cover crop layout (A) and tree density (B). Horizontal black line, x-shaped
cross, box borders and whiskers stand for the median, the mean, quartiles
and outliers. Different letters over the box-plot indicate significant
differences (o < 0.05). WCC, CCC and BCC stand for olives groves where
TSCC occupied the whole area, was absent under tree canopy or only
occupied a strip of the inter-row area, respectively. TRA, INT and SUP stand
for olive grove with a traditional, intensive and superintensive tree density.
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FIGURE 4 | Box and whiskers plot of ANPP for each of the cover crop
layout. Horizontal black line, x-shaped cross, box borders and whiskers stand
for the median, the mean, quartiles and outliers. Different letters over the box-
plot indicate significant differences (p < 0.05). WCC, CCC and BCC

stand for olives groves where TSCC occupied the whole area, was absent
under tree canopy or only occupied a strip of the inter-row area, respectively.

Overall, the area outside the tree canopy projection averaged
7,365.8 m* ha™' and there were no significant differences between
TSCC layouts or tree densities (Figure 2).
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FIGURE 5 | Box and whiskers plot of ANPP for each of the cover crop
layout. Horizontal black line, x-shaped cross, box borders and whiskers stand
for the median, the mean, quartiles and outliers. Different letters over the box-
plot indicate significant differences (p < 0.05). WCC, CCC and BCC

stand for olives groves where TSCC occupied the whole area, was absent
under tree canopy or only occupied a strip of the inter-row area, respectively.

On average, the area covered by TSCC was 5,615.8 m* ha™" with
significant differences among the TSCC layouts (Figure 3). Under
CCC, the mean area covered was 6,820.9m>ha' which was
significantly higher than the 3,710.6 m*ha™" covered in BCC olive
groves (Figure 3). No significant differences were found in the area
covered by the TSCC among olive groves with different categories of
tree densities, which was not unexpected as BCC was the
predominant TSCC layout for the three categories of tree densities.

3.2 Aboveground Net Primary Production of
TSCC

Supplementary Figure S1 shows the frequency distribution of
the aboveground net primary production (ANPP) per m” of the
TSCC. On average, for the whole set of olive groves, the ANPP in
the covered area averaged 200.5g DM m >y~ with a very high
variability (min 20.3 g DM m > y'; max 666.6g DM m >y ).
No significant differences among TSCC layouts were found
(Figure 4), although differences were found due to tree
densities. The ANPP in super-intensive olive groves (436.1g
DM my') was significantly higher than that in the
traditional olive groves (193.3g DM m 2y ).

Differences in the ANPP per ha were found between TSCC
layouts. The average ANPP per ha in TSCC under WCC
(1,7074kg DM ha'y' on average) and under CCC
(1,186.4kg DM ha'y™") were both significantly higher (122
% and 54% higher, respectively) than that of BCC (769.5 kg
DM ha™'y™") (Figure 5). Despite the average ANPP for CCC
(1,186.4 kg DM ha™' y') being 30.5% lower than that of WCC,
no significant differences were found (Figure 5). ANPP per ha
showed no difference between tree densities.

3.3 Carbon Fixation and Nutrient Retention
The carbon content of the aboveground biomass of the TSCC
averaged 40.4% with a very low coefficient of variation (4.4%)
(Supplementary Figure S2). No differences were found between
TSCC layout types.
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FIGURE 6 | Box and whiskers plot of carbon content of TSCC for each

of the cover crop layout. Horizontal black line, x-shaped cross, box borders
and whiskers stand for the median, the mean, quartiles and outliers. Different
letters over the box-plot indicate significant differences (o < 0.05). WCC,
CCC and BCC stand for olives groves where TSCC occupied the whole area,
was absent under tree canopy or only occupied a strip of the inter-row area,
respectively.
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FIGURE 8 | Box and whiskers plot of phosphorus retention in TSCC for
each of the cover crop layouts. Horizontal black line, x-shaped cross, box
borders and whiskers stand for the median, the mean, quartiles and outliers.
Different letters over the box-plot indicate significant differences (o <

0.05). WCC, CCC and BCC stand for olives groves where TSCC occupied the
whole area, was absent under tree canopy or only occupied a strip of the inter-
row area, respectively.
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FIGURE 7 | Box and whiskers plot of nitrogen retention in the TSCC for
each of the cover crop layouts. Horizontal black line, x-shaped cross, box
borders and whiskers stand for the median, the mean, quartiles and outliers.
Different letters over the box-plot indicate significant differences (o <

0.05). WCC, CCC and BCC stand for olives groves where TSCC occupied the
whole area, was absent under tree canopy or only occupied a strip of the inter-
row area, respectively.

The amount of C fixed by TSCC on the whole set of olive
groves averaged 419.4 kg Cha™' y™' (or 1,537.8 kg CO, ha™'y™")
(Figure 6). As for the ANPP, the fixed carbon of the TSCC under
WCC (704.9 kg Cha 'y or 2,584.6 kg CO, ha™' y™') and under
CCC (4753kgCha™ y' or 1,742.8kg CO, ha'y™') were
significantly higher than that under BCC (305.7 kg Cha ' y '
or 1,120.9 kg CO, ha™'y™"). No differences were found between
CCC and WCC (Figure 6).

For the whole set of olive groves, the nitrogen content of the
aboveground biomass of the TSCC was 1.96% with a relatively
high variability (coefficient of of 47.5%)
(Supplementary Figure S2). As expected, differences between
tree densities or TSCC layouts were not significant but averages
were higher for BCC (2.13%) than for WCC and CCC (1.71 % and
1.76%, respectively).

variation
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FIGURE 9 | Box and whiskers plot of potassium retention in TSCC for
each of the cover crop layouts. Horizontal black line, x-shaped cross, box
borders and whiskers stand for the median, the mean, quartiles and outliers.
Different letters over the box-plot indicate significant differences (p <

0.05). WCC, CCC and BCC stand for olives groves where TSCC occupied the
whole area, was absent under tree canopy or only occupied a strip of the inter-
row area, respectively.

The amount of N in the aboveground biomass of TSCC
averaged 19.5kgNha™" y™' but there were olive groves with
values as low as 1.7 kg Nha™' y™' and as high as 98.0 kgN ha™"
y ', There were no significant differences among tree densities.
However, results were significantly higher for WCC
(31.1kgNha™' y ') than for BCC (16.0kgNha™' y™"). No
differences were found between CCC (20.3kgNha™' y™') and
the other treatments (Figure 7). Phosphorus content of the
aboveground biomass of TSCC of the 46 olive groves averaged
0.24% but values as low as 0.05% and as high as 0.61% were found
(Supplementary Figure S2). In this case, there were no
significant differences between TSCC layouts or tree densities.
Annual P accumulated in the aboveground biomass of TSCC
averaged 2.48kgP ha 'y ' with a high variability (89%
coefficient of variation). Annual P accumulation in the WCC,
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CCC and BCC olive groves averaged 3.60, 2.89 and 1.95kgP
ha™'y™!, but differences were not significant (Figure 8).

The average potassium content of the dry biomass of the
aboveground TSCC was 2.28% with a coefficient of variation of
38% (Supplementary Figure S2). No significant differences in the K
content of the TSCC biomass was found due to TSCC layouts or tree
densities. The annual rate of K accumulation in the aboveground
biomass of TSCC was 243kgKha™ y™'. Values for WCC
(424kgKha™' y') were 76.6 % and 123.2% higher than those of
CCC (24.0kgKha™' y™") and BCC (19.0 kg K ha™" y ) olive groves,
respectively, but the differences were not significant (Figure 9).

Mean C/N, C/P, N/P and N/K ratios of the aboveground
biomass of the TSCC averaged 26.5, 210.2, 8.6 and 0.9,
respectively (Figure 10). Mean C/N and C/P ratios tended
to be higher under WCC and lower under BCC with
intermediate values for CCC, although differences were not
significant in any of the ratios. No significant differences were
found between tree densities except for the N/P ratio. In this
case, the biomass of the TSCC showed significantly higher
values of the N/P ratio in super-intensive olive groves (12.2 on
average) than in traditional (8.0 on average) and intensive
olive groves (9.0 on average).

4 DISCUSSION

4.1 TSCC Layout and Soil Cover
TSCC in most of the olive groves of this study followed the
BCC layout, and mainly in olive groves with a tree density

higher than 150 trees ha™'. This TSCC layout is the result of
controlling the spontaneous vegetation under the tree rows by
mechanical or chemical means. The strip width of the studied
olive groves averaged 3.2 m, and was well above the 1 m width
imposed by the normative, suggesting that the minimum width
could be increased, at least for olive groves with a high
mean slope.

In 26% of the olive groves, TSCC showed a CCC layout,
mainly to facilitate olive fruit harvest and to avoid direct water
and nutrient competition with the trees. Under this TSCC
layout, typical of olive groves with relatively low tree density,
cover crops are controlled manually and on a tree-by-tree basis
mainly by using pre and post-emergency backpack herbicide
sprayers or a brush cutter. Lastly, the number of olive groves in
which TSCC showed a WCC layout was low and was typical of
low tree density olive groves or those with higher tree densities
but with irrigation.

4.2 Aboveground Net Primary Production of

Temporary Spontaneous Cover Crops

Variability of the aboveground net primary productivity (ANPP)
of TSCC (kg DM m”y ') was as high as one order of magnitude.
Spatial variability of ANPP among olive groves was not
unexpected as it is driven by a network of interrelated factors
which include differences in: 1) pedoclimatic and landscape
conditions (Taguas et al., 2017), 2) size and diversity of the
seedbank, 3) current and previous management of soil and TSCC
(Gomez, 2017; Vicente-Vicente, 2017), 4) main dominant species
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of the TSCC communities (Cruz-Ramirez et al., 2012), and 5)
herbivory pressure level (Guerrero-Casado et al., 2015). Together
with the variability amongst the olive groves, the intra-farm
variability, expressed as a coefficient of variation, averaged
42% for the whole set of olive groves.

In addition to the high spatial variability found in this study, a
relatively high inter-annual variability in the level of soil covered
and ANPP are also a feature of the TSCC. For instance, in two
different 3-year studies, the inter-annual variability of ANPP per
hectare was about 3-fold (Repullo-Ruibérriz de Torres et al.,
2012) and 20-fold (Castro et al., 2008), and mainly driven by the
high inter-annual variability in precipitation which characterizes
Mediterranean regions. Temporal variability of the degree of soil
covered by TSCC has also been proved (Taguas et al., 2017).

The mean annual ANPP of TSCC of 1,041 kg DM ha'y™!
from our study is within the range of 0.65—2.53 Mg DM ha™' y™!
obtained by Vicente-Vicente (2017) in 10 olive groves with
mature TSCC. Similarly, the mean for BCC (769.5kg DM
ha™'y ") and WCC (1,707.4kg DM ha 'y ') are consistent
with results obtained by Blazquez-Carrasco et al. (2021) in
three and four olive groves managed with strip and full-cover
TSCC layout, respectively. Other field studies performed on only
one olive grove reported generally higher figures. For instance,
Repullo-Ruibérriz de Torres et al. (2012), in an olive orchard
covered with spontaneous vegetation in Cdérdoba (Spain), found
an ANPP of 2.1-6.7 Mg DM ha™' y™' during a study period of
three agricultural years, and Rodriguez-Lizana et al. (2018) found
an even wider range: 0.18—9.56 Mg DM ha™'y ..

The mean olive fruit production of Andalusia olive groves in
the period between 2014-2019 was of about 3,558 kg fresh weight
ha™! }f1 (Junta de Andalucia, 2014; 2015a, 2016, 2017, 2018,
2019), or 1,423 kg DM ha™"' y " considering 40% of dry matter in
olives (Zeleke et al., 2012). Therefore, the mean dry biomass
production of olive groves with cover crops could increase the
productivity by 73%, taking into account only the olive fruit
production. If the 1.66 million hectares devoted to olive groves in
Andalusia (Junta de Andalucia, 2019) allowed the development of
TSCC, about 1.73 million tons of dry biomass could be produced,
a figure which should be higher if the belowground biomass of the
TSCC had been taken into account. This estimate, which has
many uncertainties attached to it, highlights the significance of
the implementation of this technically and economically viable
diversification practice on many ecosystem services, at least on a
regional scale.

The amount of dry biomass produced by the TSCC is a crucial
factor in the C sequestration (Peregrina et al, 2014), soil
properties and nutrient dynamics (Ovalle et al., 2007; Repullo-
Ruibérriz de Torres et al., 2021b). The area covered and the
biomass produced by TSCC in BCC olive groves were
significantly smaller than that of WCC and CCC, despite the
area outside the tree canopy which is potentially covered by TSCC
in olive groves being very similar. Therefore, there is a significant
potential to increase the ANPP of olive groves under BCC. In
spite of the BCC layout strategy fulfilling the requisite to acquire
the economic subsidy, narrow strips could significantly limit the
potential role of TSCC in providing and boosting agroecosystem
services.

Carbon-Nutrients in Cover Crops

4.3 Carbon Fixation by Temporary

Spontaneous Cover Crops

The content of carbon in the aboveground biomass of the TSCC
showed little variability. It was independent of the tree densities,
cover crop layouts and pedoclimatic conditions, and the values
were similar to those from other studies (Gomez-Muiioz et al.,
2014; Rodriguez-Lizana et al., 2020).

On average, for the 46 olive oil orchards, the organic carbon
input to the soil in 1 year through the aboveground cover crop
residues was 0.42 Mg C ha™". This average is within the range of
0.2-0.7 Mg Cha™ 'y estimated by several researchers (Freibauer
et al, 2004; Hutchinson et al., 2007) as the potential for C
sequestration under scenarios of crop residue application.
However, the extent to which the input of organic carbon
derived from plant cover increases the soil C stock of olive
orchards will ultimately depend on the decomposition rate of
that organic carbon. The decomposition rate depends on many
factors including plant biomass quality (e.g., C-to-N ratio and
lignin and polyphenol contents), edaphic and environmental
conditions and aboveground plant residue management (e.g.,
cover crop control method and residue displacement) (Kumar
and Goh, 2000). Gémez-Munoz et al. (2014) found that the mean
percentage of the aboveground TSCC, with a C: N ratio of 30.3,
remaining after 1 year of incubation on top of the soil in field
conditions using the litterbag approach was 29.1%, whereas
Repullo-Ruibérriz de Torres et al. (2021b), found that 55% of
the carbon from TSCC remains on the field after a 1-year period.
By applying the most conservative percentage (29.1%) to the
mean of 0.42 Mg Cha™' y™!, about 0.122 Mg Cha™' y ™' of TSCC-
derived organic carbon would remain in the soil after 1 year, or
202,520 Mg C (or 741,223.2 Mg of CO,) if the entire 1.66 M ha
cultivated with olive groves in Andalusia permitted the
development of TSCC. By 2030, the regional authorities have a
commitment to reduce the annual CO, emissions of 2005
(62,070,000 Mg CO,) by 41%, which means that by 2030,
annual CO, emissions should have reduced by 25,448,700 Mg
CO,. The yearly amount of CO, fixed by the TSCC as organic
carbon, after discounting that emitted as CO, during the TSCC
residue decomposition, highlights the enormous contribution of
TSCC in olive groves and other orchard type crops to climate
change mitigation (Kaye and Quemada, 2019).

There is a lot of evidence regarding the increase in the stocks of
soil organic carbon (SOC) due to the presence of TSCC in olive
groves. For instance, in four out of the five paired TSCC versus
non-TSCC comparisons, between 9.0 and 16.1 more Mg C ha™'
was stored in the top 15 cm of the soils of the TSCC olive groves
after many years (>8 years) with the same management (Vicente-
Vicente et al, 2017). These values were similar to the
8.4-15.0 Mg Cha™' more SOC storage in the top 15cm of an
olive oil orchard under TSCC compared to a TSCC-free plot
(Castro et al., 2008). In a short period of 3 years, different seeded
cover crops, including TSCC, fixed on average 1.5 Mg Cha™ of
organic carbon (Repullo-Ruibérriz de Torres et al., 2012).

However, the increased SOC stock in soils under the cover
crops treatment might not only be due to the annual inputs of
organic carbon from the plant residues, but also due to a decrease
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in SOC losses through soil erosion (Gomez et al,, 2009). In
addition, the diversity of wild spontaneous plant cover might
have an important impact on SOC accrual by improving the
ability of soil microbial communities to rapidly process plant
residues and protect them into aggregates, and by also
introducing a greater diversity of organic carbon compounds
into the soil, some of which may be more resistant to
decomposition (Tiemann et al., 2015).

4.4 Role of Temporary Spontaneous Cover

Crops in Nutrient Retention

The 19.6kgN ha™' y™' that on average was, mainly, taken up
from the soil by the aboveground biomass of TSCC and
transformed into organic N might positively impact the N
cycling of olive groves. Annual herbaceous vegetation of TSCC
is likely efficient in the acquisition of nutrients when they are
provided in pulses, such as peaks in soil organic matter
mineralization during early spring when soil water content
and soil temperature are optimal for organic matter
decomposition. The highest annual growth rates, and thus
nutrient uptake, of TSCC or seeded cover crops in olive
groves of Mediterranean areas are usually found from mid-
February to late April (Ordofiez-Fernandez et al., 2018), when
optimal soil water levels and daily temperatures coincide. Rainfall
during late winter-early spring accounts for a relatively high
proportion (about 24%) of the annual rainfall in Andalusia (RIA,
2021), and therefore the N taken up by TSCC might play an
important role in reducing N losses by leaching in the olive
groves. In a meta-analysis of 106 studies of 372 sites covering
different countries, climatic zones and management, Abdalla
et al. (2019) demonstrated that cover crops significantly
decreased N leaching, although site-specific studies on olive
groves are needed.

The extent to which the N uptake by the TSCC can compete
with the tree demand for N, depends mainly on the magnitude
and timing of the tree nutrients uptake. There are several
indications that suggest that TSCC do not compete
significantly with olive trees for nutrients. Typically,
fertilization in olive trees is applied to the soil below the tree
canopy to increase nutrient use efficiency. Therefore, it is
expected that little of the soil available nutrients of the inter-
row are used by trees. On the other hand, the highest tree demand
for N and P takes place in late April-June and in October
(Cadahia, 2005; Garcia-Ruiz et al., 2011), several weeks after
the highest TSCC demands for nutrients. Furthermore, the N
balances in two olive groves of Fernandez-Escobar et al. (2012)
revealed that the usual N application rate of 1 kg N tree™' y ™' (as
urea), split in two applications in the early spring, resulted in a
very positive N balance. This, hence, highlighted that the rate of N
fertilizer application was much higher than that demanded by the
tree, and therefore cover crops are expected to have little
competition for N.

On the other hand, it is rather likely that the main sources of
available N and P taken up by TSCC are the N and P which are
mineralized from the soil organic matter. Ferndndez-Escobar
et al. (2012) estimated that 44.8 and 69.9kgNha™' y™' were

Carbon-Nutrients in Cover Crops

available during the decomposition of soil organic matter in two
olive groves, whereas Gomez-Muioz et al. (2015) found values
between 80 and 220 kg N ha™" y™" for the top 20 cm of soil in two
olive groves with soil organic matter levels of 3%. These values are
more than double the mean nitrogen taken up by TSCC in this
study. Lastly, the main indications that TSCC do not compete
with the olive trees for nutrients come from the assessment of the
olive fruit production and olive oil quality in mature olive groves
with and without cover crops. Zuazo et al. (2020) demonstrated
during four consecutive years, that the olive yield did not differ
significantly between olive groves without cover crops and
comparable olive groves with TSCC or seeded cover crops
layout in strips or in the entire orchard. In this regard, Sastre
etal. (2016) found in an olive plantation of the drought-resistant
cultivar Cornicabra that cover crops had not reduced fruit or oil
yield, neither in heavy nor in low yield years. However, in a very
high density olive grove (Gucci et al,, 2012) and in an intensive
young olive tree grove (Caruso et al., 2011), a significant decrease
in the fruit yield under cover crops has been reported.

The fact that TSCC in 50% of the studied olive groves had a
C/N ratio lower than 22.2 indicates that in general, TSCC grow up
with little N limitation. Xu et al. (2020) found in a meta-analysis
with 2236 paired observations from 123 published studies to
investigate the responses of foliar C/N ratio to experimental N
addition that the foliar C:N ratio declined with N availability, and
Rodriguez et al. (2013) found that the aboveground biomass of
the spontaneous cover crops in unfertilized and fertilized
(60 kg N'ha™'y™") soils of the inter-row area of an olive grove
in Portugal had a C/N ratio of 52.1 and 25.9, respectively. The
relatively low C:N ratio of the aboveground biomass of the TSCC
of our study indicates that the environmental conditions were
suitable for plant growth and N was not limited, and therefore
plants compete more for light (and thus C), exhibiting low C/N
ratios (Zhang et al., 2019). According to Trinsoutrot et al. (2000),
C/N ratios above 24, a value similar to that of our study, imply a
net N immobilization. This could slightly affect the availability of
N for olive trees.

TSCC in 75% of the examined olive groves had a N/P ratio
lower than 10.6. There are many factors responsible for a given
N/P ratio. Optimal N/P ratios depend on species, growth rate,
plant age and plant parts. At vegetation level, N/P ratios <10 often
correspond to a growth lacking P limitation (Giisewell, 2004), as
shown by short-term fertilization experiments. The generalized
low C/N and N/P ratios of the aboveground biomass of the TSCC
for most of the olive groves of this study suggest no N or P
limitation during their growth.

In summary, there are numerous indications that the
19.6kgNha™ y', 25kgP ha'y' and 243kgKha' y'
accumulated on average in the aboveground biomass of the
TSCC of the 46 olive groves in this study, show that the
TSCC do not compete significantly with the olive trees for
nutrients, but might instead play an important role in
reducing the N, P and K that are prone to be lost by leaching,
soil erosion and runoff. The rapid growth rate typical of the
herbaceous vegetation of the TSCC permits the interception and
storage of highly mobile nutrients in its biomass that will then be
progressively released at rates which are more in accordance to
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those required for acquisition by olive trees, contributing to more
efficient nutrient cycling.

Assuming that annually, 19.6kgNha™', 2.5kgP ha™' and
243kgKha' are retained in the olive groves due to the
TSCC, and TSCC are maintained in the 1.6 million hectares of
olive groves of Andalusia, then about 29,400, 3,750 and
36,450 Mg of N, P and K could be saved, avoiding further
environmental and economic costs. For instance, this amount
of N is the equivalent of 29 million euros in N fertilizers
(assuming an average price of 1 € kg 'N). This estimate,
which has many uncertainties, highlights the significance of
the implementation of this technically and economically viable
diversification practice on nutrient retention at a regional scale. In
addition, the N taken up by the TSCC might help to alleviate the
nutritional problems in olive-growing as a result of the overuse of
N fertilizers, as has been reported for other fruit crops (Weibaum
et al.,, 1992).

The extent to which TSCC have a significant role in retaining
nutrients within the olive groves greatly depends on the area
covered, since the annual rates of N, P and K taken up by TSCC
growing in strips were almost half of that taken up in olive groves
with TSCC growing in the entire area.

5 CONCLUSION

The variability of the aboveground net annual primary
production of temporary spontaneous cover crops was as high
as one order of magnitude. Hence, to model the beneficial effects
of diversification in olive groves on climate change mitigation and
nutrient retention on large spatial scales, extensive sampling that
presents a high variability should be undertaken, as has been done
in this study.

The 1.53 Mg of CO, ha™' y™" that was fixed annually on average
by the aboveground biomass of temporary spontaneous cover crops
could contribute significantly to the regional commitments of CO,
reduction if all the areas devoted to olive groves implement this
diversification strategy. Through the amounts of N, P and K
accumulated into the aboveground biomass, the temporary
spontaneous cover crops were also an adequate strategy in
reducing the nutrient loss prone to occur in the olive orchards
and in boosting the soil-plant internal nutrient loop, thus enhancing
the nutrient retention within the olive groves.

This study proves that temporary spontaneous cover crops in
olive orchards are a sound diversification strategy with the
potential to contribute significantly to the increase in
productivity in olive groves, to climate change mitigation and
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