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ARTICLE INFO ABSTRACT

Keywords: Soil erosion plays an important role in C cycling at farm scale, especially in bare soil areas. In Mediterranean

Soc woody crops, temporary cover crops (CC) effectively reduce soil erosion and increase total and protected soil

Spontaneous temporary cover crops organic carbon (SOC) fractions. However, the effects of CC in olive groves on the preferential loss of organic

ol erosion . carbon (Corg) fractions remains poorly understood. To address this issue, in four plots with seeded CC and two

Carbon enrichment ratio . . . . . . .

Olive grove tilled plots (CT) in a Spanish olive grove, the unprotected and protected Coq fractions were measured in soil and
sediments over the course of a hydrological year. The sediment/soil C enrichment ratios (ERgoc) were calculated,
and results analysed considering the rainfall regimes of the site: dry (DS), heavy-rainy (HRS) and rainy (RS).
Total, unprotected and protected Cog contents in the top 5 cm soil of CC plots were 46 %, 88.4 % and 28.5 %,
respectively, higher than those of CT. 79.7 % and 70.3 % of the annual sediment yield (SY) was collected during
December in CC and CT plots, respectively. Soil loss in CC plots (¥ = 9.2 Mg ha™! yr™!) was significantly lower
(—55.6 %) than that in CT plots. Despite that the average eroded Cog was higher in the CT (x = 222 kg C ha™!
yr'}) compared to CC (x = 148 kg C ha! yr')) plots differences were not significant due to the higher Corg
concentration in the sediment from CC plots. The highest proportion of eroded Corg (44%-45%) corresponded to
the physically protected fraction. The highest ERgoc (1.99 and 2.04 for CC and CT, respectively) was recorded in
DS whereas the lowest was in the RS (0.90) and HRS (0.96) seasons. The mean ERgoc were of 1.00 and 0.92 in the
CC and CT plots, with no significant difference. The fact that most of the SY was recorded in one month, when CC
plants were not fully developed, might explain the ERgoc at 1, and why their presence did not modify it. This
study demonstrates that CC favours greater total, unprotected and protected Corg fractions in the topsoil, pro-
moting soil C sequestration. The asynchrony between the periods of full development of the CC plants and those
with the highest rainfall erosivity prevented any selectiveness of the eroded Corg. Thus, fast-growing CC plant
species with short life-cycles are recommended, as well as adequate management to promote self-seeding
avoiding soil disturbance for seeding in erosion prone seasons.

1. Introduction approximately 70 % is redistributed and redeposited over the landscape

whereas the remaining 30 % is transported by rivers into aquatic eco-

The role of soil erosion in croplands as a net source or sink for at-
mospheric carbon (C) at regional and global scales is currently being
debated (Stockmann et al., 2013; Borrelli et al., 2018; Naipal et al.,
2018). Lal (2003) estimated the global erosion-induced displacement of
soil organic carbon (SOC) at 5.7 Pg C yr !, and of that amount,
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systems. At farm level, numerous studies point out that this complex
process is associated with a decline in SOC content (Xiao et al., 2018;
Jian et al., 2020). Indeed, being concentrated near the soil surface, SOC
is drastically impacted by erosion processes, and many studies on soil
erosion-carbon relationships have reported high losses of SOC on eroded
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sites (e.g. Lal, 2019; Rolando et al., 2017; Wang et al., 2017a, b). On a
global scale and over the last century, it is estimated that around 42-78
Gt of C have been lost due to inappropriate soil management practices
and soil erosion (Paustian et al., 2000; Lal, 2004). In the European Union
cropland soils, the loss of SOC induced by erosion has been similar to
that gained after improved management practices (Lugato et al., 2016).
Roose and Barthes (2006), after reviewing 54 runoff plots, found values
of eroded organic carbon of between 50-400 kg C ha™ yr! for cereals
and cotton in humid and sub-humid regions and some bare plots in
Mediterranean regions, and up to 3 Mg C ha'! yr'! for bare tilled soils in
very humid regions. These authors highlighted that the relative impor-
tance of eroded SOC in C budgets was paramount on tilled plots. How-
ever, the effects of soil erosion and the fate of the specific SOC fraction
transported by overland flow remains poorly understood.

The °4 per 1000’ Initiative —launched by France on 1 December 2015
at the COP 21- aims to increase global soil organic matter, and thus,
organic carbon stocks by 0.4 % per year as a compensation for the global
emission of greenhouse gases by anthropogenic sources (Minasny et al.,
2017). This declaration set up a conceptual framework under whose
umbrella research on technically and economically feasible manage-
ment practices that can contribute to a positive net balance of SOC has
intensified. Among these practices, those aimed to lowering soil erosion
have gained special emphasis (Sykes et al., 2020). Thus, policy makers
face the challenge of developing and implementing effective SOC ac-
cretion strategies for agriculture, which require identification of the best
management practices for each type of agroecosystem (Ogle et al., 2019)
as well as adequate quantification of its impact.

Olive tree is one of the most important woody crops in the Medi-
terranean region, not only for the large area it occupies (>10 Mha), but
also for shaping the socio-economical life in many rural areas (Beaufoy,
2001). In Andalusia (Southern Spain), about 47 % of the agrarian ter-
ritory is planted with olive trees, and therefore, management practices
affecting the SOC dynamics might have important effects on organic
carbon budget at regional scale and on the C footprint in the olive oil
sector. Typically, olive cultivation has been accompanied by accelerated
erosion and soil degradation (e.g. Beaufoy, 2001; Scheidel and Kraus-
mann, 2011), as olives have been traditionally cultivated under rainfed
conditions on sloping areas, at relatively low tree density, with limited
canopy size by pruning and bare soil management to adapt to a water
limited environment (Gomez et al., 2011). Some estimates of historical
soil erosion in olive groves exceed the tolerable soil loss rates in culti-
vated soils (between 1.26 and 4.69 Mg ha™! yr''; Vanwalleghem et al.,
2011). In the latest decade, studies have started to deepen our under-
standing about the relationships among soil erosion and SOC in olive
orchards (Gomez et al., 2009, 2017, 2020).

The implementation of temporary cover crops (CC) during the
growing season in woody crops, such as olive groves or vineyards, is a
sustainable and efficient management practice to harmonize agronomic
requirements and reduction of soil erosion, and thus, SOC loss (Fran-
cia-Martinez et al., 2006; Gomez et al., 2009; Guzman et al., 2019a). CC
in woody crops also favour transferring atmospheric C to the soil and
have an active role in the stabilization of SOC, by providing
plant-residue-derived organic carbon (Vicente-Vicente et al., 2016;
Almagro et al., 2017; Novara et al., 2019). This is an important issue in
Southern Spain, where regional authorities introduced a policy of
Standards of Good Agricultural and Environmental Conditions within
the European Common Agricultural Policy requirements in olive
farming, which consists of linking the economic subsidy for cultivating
the olive crop to the requirement of providing/ permitting CC under
certain circumstances (mean slope gradient over 10 %). CC in olive oil
orchards are mainly comprised of natural vegetation, which is allowed
to emerge spontaneously in autumn and winter along the middle of the
orchard lanes. Under Mediterranean climatic conditions, CC in perma-
nent crops are usually terminated in late March or early April, before
competing for water and also nutrients what would end up reducing
crop yield. This CC control is mainly based on mechanical mowing and/
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or herbicide application (Ben-Salem et al., 2018). Plant residues may be
left on the soil surface or mixed into the topsoil by tillage. Both ap-
proaches are currently used and are realistic land management options.
Most previous studies related to the effectiveness of CC in olive orchards
have been designed to evaluate the effects of this practice in mitigating
soil erosion (e.g. Gomez et al., 2009, 2011, 2018a, b), but to a lesser
extent to evaluate the reduction in total SOC loss or in some of the un-
protected or protected fractions.

Vicente-Vicente et al. (2017) demonstrated that CC induced a change
in the content of the different SOC fractions in the soil, as they found in
olive groves of Andalusia. In particular, these authors observed that
spontaneous temporary CC increased SOC, especially the coarse
non-protected fraction, and the physically and chemically protected SOC
of the top 15 cm of soil. On the other hand, the eroded soil includes
detaching of soil particles from clods, breakdown of macro into micro-
aggregates and dispersion into soil separates and transporting particles
(sediments hereafter) over soil surface. Depending on many factors,
which include the content of stable macro-aggregates, particles’ density
and weight and runoff transport capacity -all of them affected by the
presence of temporary CC and plant residues—, there is a selective
preferential loss of soil and detritus particles, and thus, of SOC fractions,
from the eroded to the depositional sites. For instance, Wiaux et al.
(2014) and more recently Li et al. (2019), found that non-resistant to
NacClO (e.g. labile) and fast SOC pool were preferentially transported
from the eroded areas. Despite temporary CC play a crucial role in: I) the
increase of total SOC and specific SOC fractions of different protective
degrees, and II) the factors that control the selectiveness of the eroded
sediment, the effect of temporary CC in olive groves on the preferential
loss of specific SOC fractions during the different seasons —or rainfall
regimes— remains poorly understood.

Translocation of organic rich topsoil material from eroding to
depositional sites explains the sediment/soil C enrichment ratios
(ERsoc) (Wang et al., 2014). In semi-arid croplands of Spain, Boix-Fayos
et al. (2009) estimated an average ERgoc at sub-catchment scale (8-125
ha) of 0.59 + 0.43. In this study, we hypothesized that the ERgoc of
different SOC pools, such as those of the unprotected and physically,
chemically and biochemically protected SOC, are influenced by the
presence or absence, and by the type, of temporary CC in an olive or-
chard. To test this hypothesis, we selected six runoff plots managed with
three management practices: I) Conventional tillage (chisel plough
passes and vegetation control), II) a mixture of plant species as CC and
I1I) a uniform CC with one species. Sediment yield was recorded, and soil
and sediment samples were collected and analysed for different SOC
fractions during one hydrological year under several types of rainfall
events.

2. Material and methods
2.1. Study area

The ’Santa Marta’ commercial olive orchard was the site of this
study. This orchard is located in SW Spain (37° 20’ 36" N; 6° 13’ 45"W),
in the province of Seville, near Benacazoén village, at an average eleva-
tion of 92 m above sea level (Fig. 1a). The olive plantation was estab-
lished in 1985 with trees planted at 8 x 6 m (more details in Gomez
et al., 2009). The olive variety, Gordal, used as a table olive, is common
in the area. Runoff plot experiments have been performed in this farm
since 2003. Six bounded runoff plots (RP) were established between
2003 and 2005. Each RP (480 mz) is 8 m wide (between 2 tree lines) and
60 m long, laid out with the longest dimension parallel to the maximum
slope and to the tree lines (Fig. 1b, c¢). The slope is uniform, oriented in
the north-west direction with an average slope gradient of 14.9 %, 15.6
%, 14.5 %, 13.0 %, 12.2 % and 12.8 % in RP1, RP2, RP3, RP4, RP5 and
RP6, respectively.

Differential inter-row soil management started in the area the season
before the delimitation of the RPs (Fig. 1e). Two plots (RP2 and RP4)
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Fig. 1. Location of the study area (black dot) in Seville province (in red), SW Spain (a); picture of the overland flow collectors (b); aerial photo of the farm, showing
the extension of the six plots (c); 10-yr average characteristic monthly values of the rainfall depth (R), erosivity (Els(), intensity (I3o), and events (RE) (d); and
pictures of the plots under the different soil and cover crop treatments at the end of May 2011 (e).

were devoted to conventional tillage (hereafter CT) consisted of regular
chisel plough passes, 23 times a year normally during winter and spring
at 10-15 cm depth depending on ground vegetation growth. During the
year described in this manuscript, the tillage dates were December 3rd
2010, April 18th 2011 and July 12th 2011. Another set of two plots (RP1
and RP5) consisted in a mixture of different selected plant species as
cover crop (CC-I) of Borago officinalis L., Daucus carota L., Echium plan-
tagineum L., Foeniculum vulgare Mill, Hedysarum coronarium L., Matricaria
chamomilla L., Melilotus officinalis L., Moricandia moricandioides Boiss.,
Cichorium intybus L., Fagopyrum esculentum Moench. and Taraxacum
officinale. These plants were manually sown during early fall at 15 kg of
seed per ha in the area outside the vertical olive canopy projection,
which is in the range of recommended dose for farmers to balance cost
and effectiveness of implementation. The third set of two plots (RP3 and
RP6) was a uniform CC (CC-II) of Lolium multiflorum Lam. sown at 80 kg
of seeds per ha in fall of 2009 and 2010. In both sets, the CC area was 4-
m width. The maintenance of the CC includes mechanical (for CC-I) or
chemical (for CC-II) removal of the cover and a permanent bare soil strip
under the tree line maintained with herbicides. The intercrop strip was
fertilized at the time of seeding with calcium ammonium nitrate 27
(13.5 ammonium N and 13.5 nitric N) equivalent to 40 FU of N, by direct

application on the soil in the CC plots. In the two CC-I plots, plants were
mechanically mowed in May, although if rains were abundant, addi-
tional passes were carried out in the previous months, whereas plants of
the two CC-II plots were chemically killed in late winter or early spring,
depending on the previous total rainfall depth. Olive trees were ferti-
irrigated with ammonium sulfate in February (1.6 kg tree ™) and from
April to October, during the irrigation season. The amount of water
applied during the drip irrigation season was, on average, 240 mm,
although it varied slightly from year to year depending on the rainfall
conditions.

The soil is a well-drained Petrocalcic Palexeralf (Soil Survey Staff,
2014), with an average organic matter, clay, silt and sand contents for
the top 20 cm of 1.6 %, 16.6 %, 36.7 % and 46.6 %, respectively, and a
texture class ranging from loamy sand to loam. In previous studies,
Guzman et al. (2010, 2019b) determined the main soil properties
(Table 1). Bulk density ranges between 1.44 and 1.68 g cm™>, and
macroaggregate stability ranges between 0.152 and 0.286 kg kg™
(Guzman et al., 2019b). There is no presence of rills below the tree lines,
and rills (ca. 5 cm of maximum depth) only appear along the inter-row
land after the intense rainfall events in the CT plots.

The climate is subtropical semi-humid Mediterranean with an
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Table 1
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Average values and standard deviation (in brackets) of soil properties at the plots under different managements (CT and CC) and soil depth (0-10 and 10-20 cm depth)
of the inter-canopy area (data source: Guzman et al., 2010, 2019b). Soil sampling was carried out previously to the experimental setup.

Management Soil depth BD Sand Silt Clay Texture MAE
(cm) (Mg m~®) (%) (%) (%) (kg/kg)

CT 0-10 1.44 (0.08) 53.1 (16.8) 31.8 (14.4) 15.1 (18.9) Sandy loam 0.152 (0.103)
10-20 1.56 (0.08) 46.5 (17.5) 37.4 (13.7) 16.1 (3.8) Sandy loam 0.286 (0.091)

cC 0-10 1.68 (0.28) 50.6 (12.9) 34.0 (10.0) 15.4 (2.9) Loam 0.232 (0.070)
10-20 1.46 (0.08) 36.3 (8.2) 43.6 (10.5) 20.1 (2.2) Loam 0.278 (0.046)

BD: Bulk density; MAE: Macroaggregate stability.

average annual precipitation of 519 mm (between September 2009 and
August 2019), concentrated mostly in late fall and winter, and presents a
strong inter-annual variability (e.g., 257 mm in 2017/2018, and 987
mm in 2009/10). The average annual air temperature was of 18.6 °C.
Based on a 10-year record (2009-2019) of rainfall parameters, three
moisture periods can be distinguished: I) the dry season (DS), from June
to September (4 months; 0.6 rainfall events per month on average), with
an average rainfall depth (R), maximum intensity (I3p) and rainfall
erosivity (EIs) of 6.2 mm month’l, 4.4 mm h! and 61.8 MJ mm ha™’
h™!, respectively; II) the heavy-rainy season (HRS), from October to
December (3 months; 5.2 events per month; R = 84.7 mm month™!; T30 =
10.2 mm h’l; El3 = 229.7 MJ mm ha™! h’l); and III) the rainy season
(RS) from January to May (5 months; 4.9 events per month; R = 48.0
mm month™!; Iy = 5.9 mm h™}; Elz; = 86.8 MJ mm ha™ h™}) (Fig. 1d).
Rainfall erosivity, El3g, was calculated at monthly scale as the sum of the
rainfall erosivities at event scale; based on the approach of McGregor
and Mutchler (1976) to assess the kinetic energy. This energy-intensity
equation is currently recommended by the RUSLE and RUSLE2 soil
erosion model development teams (Nearing et al., 2017). In previous
studies performed in the same plots, higher values of runoff yield and
soil erosion were recorded under CT treatment (19.4 Mg ha! year™! on
average) whereas CC triggered higher spatial and temporal stability of
runoff and runon, and lower values of soil erosion (0.4 Mg ha™! year 1)

(Gomez et al., 2009; Lopez-Vicente et al., 2016).

2.2. Test period, and soil and sediment sampling

In the hydrological year 2010-2011 (October 2010 to September
2011), six years after establishing the CT and CC-II treatments (CT, CC-I)
and the second of CC-I, runoff and sediment yield collection was per-
formed using a system of three fiberglass collection tanks with flow
splitters (ratio 1:15), allowing measurement of up to 110 m3 equivalent
to 230 mm of runoff. Once carefully levelled, the splitters were kept free
of leaves, small branches and other organic residues with a small pro-
tection net located upstream. The experiment site was completed with
an automatic weather station (more details about the field installation in
Gomez et al., 2009). During the test period, twelve field surveys were
carried out and 12 time-integrated sediment samples were collected at
each collector. The interval between each survey was different and
depended on the frequency and intensity of the rainfall events. The
time-integrated period (TIP) was defined as the interval between each
field survey. The number of accumulated rainfall events was different
among the TIPs, averaged 4.3 with a minimum and maximum of 1 and
11 events. Soil samples were collected at two depths (0-5 and 5-15 cm)
and four replications were taken at each soil depth in the CC and CT
plots in May 2010.
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2.3. Soil carbon fractionation

Separation of the various soil C pools of the soil and sediment sam-
ples was accomplished by a combination of physical and chemical
fractionation techniques in a simple, three-step process modified from
Stewart et al. (2009) (Fig. 2), using 50 g for each soil and sediment
sample analyzed. For sediment, samples from each collectors and events
were subjected to soil organic carbon fractionation. However, soil
organic carbon fractionation was not possible when not enough material
was collected in the collector. This was the case for the CC plots on 2nd
December, 27th April and 10th May TIPs. The method can described
briefly like this: after a first step consisting in the partial dispersion and
physical fractionation of the soil in wet conditions to obtain three size
fractions (>250 pm, 53-250 pm, and <53 pm), a second step, which
involved further fractionation of the 53-250 pm fraction previously
isolated, followed. The >250 pm, 53-250 pm, and <53 pm fractions
isolated after the first step corresponded to the coarse non-protected
particulate organic matter (cPOM), microaggregated (pagg), and easily
dispersed silt and clay (dSilt + dClay) fractions, respectively. In this
second step, a density flotation with sodium chloride was used to isolate
the fine non-protected particulate organic matter (LF) from the micro-
aggregated fraction. After removing LF, the heavy fraction was dispersed
overnight by shaking with 15 glass beads and passes through a 53 pm
sieve, separating the microaggregated protected POM (> 53 ym in size,
iPOM) from the microaggregated derived silt- plus clay-size fractions
(pSilt + pClay). The third step involved the acid hydrolysis of each of the
isolated silt- plus clay-sized fractions. The silt- plus clay-size fractions
from both the density flotation (pSilt + pClay) and the initial dispersion
and physical fractionation (dSilt + dClay) were subjected to acid hy-
drolysis as described by Plante et al. (2006). Acid hydrolysis consisted of
incubating the samples at 95 °C for 16 h in 25 ml of 6 M HCI. After
hydrolysis, the suspension was filtered and washed with deionized water
over a glass-fibre filter. Residues were oven-dried at 60 °C and weighed.
These fractions represent the non-hydrolysable C fractions (NH-dSilt +
dClay, and NH-pSilt + pClay). The hydrolysable C fractions (H-dSilt +
dClay, and H-pSilt + pClay) were determined by difference between the
total organic C content of the fractions and the C content of the
non-hydrolysable fractions.

This three-step process isolated a total of seven fractions, and it is
based on the assumed link between the isolated fractions and the
protection mechanisms involved in the stabilization of organic C (Six
et al., 2002). The unprotected pool included the cPOM and LF frac-
tions, isolated in the first and second fractionation steps, respectively.
The physically protected SOC consisted of the SOC measured in the
microaggregates. It included not only the iPOM but also the hydro-
lysable (H-pSilt + pClay) and non-hydrolysable (NH-pSilt + pClay)
SOC of the intermediate fraction (53-250 pm). The chemically and
biochemically protected pools correspond to that hydrolysable
(H-dSilt + dClay) and non-hydrolysable (NH-dSilt + dClay) SOC in the
fine fraction (< 53 pm), respectively. Total SOC and Cog of each of the
soil fractions were determined after digesting the soil and sediment
samples, previously grounded with a ball mill, with dichromate and
sulphuric acid following the method proposed by Anderson and
Ingram (1993).

2.4. Assessment of the SOC enrichment ratios

The sediment/soil enrichment ratios for the total (ERgoc), the non-
protected (ERn.poc) and the protected (ERpoc) organic carbon stocks
were calculated, taking into account the organic carbon content of
these fractions in the top 5 cm of soil of the plots and in the sediment
collected from these plots, and the contribution of the sediment yield
of each of the 12 TIPs to the total. The differences of the ERy.poc and
ERpoc values in the CC and CT plots were analysed over the three
moisture seasons.
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2.5. Statistical analysis

The analysis of variance (ANOVA; one-way) of: (I) the sediment
yield, (II) the total and SOC fractions contents in the soil samples
collected in the different runoff plots at two soil depth intervals; (III) the
total and SOC fractions contents in the sediment samples from the six
collectors; and (IV) the ERgoc, ERn.poc and ERpq in the different plots
was performed using SigmaPlot software (version 13.0) and the Shapiro-
Wilk Normality Test at P-value < 0.05.

3. Results
3.1. Erosive events and sediment yield

A total number of 52 rainfall events were registered during the test
period, adding up to 715 mm of precipitation. These events had an
average rainfall intensity and mean and total erosivity of 9.2 mmh™!, 47
MJ mm ha! h™! event™ and 2440 MJ mm ha™* h™! yr'}, respectively.
Despite that 74 % of the rainfall depth was registered between October
and March, the most erosive event (I3p = 77 mm h™) took place in May
2011, reaching 1108 MJ mm ha™! h™! event™. No rainfall event was
observed in June, July and August 2011. The rainfall characteristics of
each TIP are shown in Table 2. Twenty-eight rainfall events took place
during the HRS (October to December), with a mean rainfall depth (R),
maximum intensity (I30) and erosivity (Elzp) —per event— of 13.6 mm, 8.7
mm h™! and 36.1 MJ mm ha! h}, respectively. During the five months
of the RS (January to May), twenty-two rainfall events were observed,
with similar values of R (13.5 mm) and T3 (9.7 mm h™!) but almost
double of El3, (60.7 MJ mm ha! h™)) than HRS. These values were
mainly explained by the intense rainfall event that took place on May 19,
2011 that reached a rainfall depth of 52.5 mm. This event explained 45
% of the total annual rainfall erosivity. During the DS (June to
September), we only observed two rainfall events, with values of R, Iz
and Ely, of 19.8 mm, 10.0 mm h™! and 46.2 MJ mm ha! h7l,
respectively.

During the test period, the sediment yield (SY) in the two plots under
CT was the highest (SY = 1.72 Mg ha™! TIP™!) whereas the SY in the CG-I
(SY = 0.83 Mg ha™! TIP™!) and CC-II (SY = 0.70 Mg ha™ TIP™!) plots was
lower than half. Differences of SY between CC-I and CC-II plots were not
significant (P = 0.723 per TIP and P = 0.795 per event), and therefore,
these plots will be considered as replicate hereafter. As expected, the
differences in SY per TIP between CT and CC were significant (P =
0.019) (Fig. 3a).

Taking into account that every TIP is a unique combination of
different rainfall events, the mean SY per event was estimated for the 12
TIPs (Table 3; Fig. 3b). The highest rates were obtained in December
2010 (TIP #4, 5 and 6; between 0.49 and 1.17 Mg ha™! event™, on
average in the six plots) and May 2011 (0.39 Mg ha™! event™). During
the intense event of May 2011, SY in the CC plots was only of 0.33 Mg
ha™! event™ —owing to the protecting role of the vegetation— and in the
CT plots of 0.52 Mg ha™' event™l. Over the three rainfall regimes, the
rates of SY changed in the six plots with the highest values in HRS (SY =
1.70 Mg ha™ TIP™! and 0.46 Mg ha™! event’l), and with moderate and
low values in RS (SY = 0.56 Mg ha™! TIP! and 0.160 Mg ha! event'l)
and DS (SY = 0.02 Mg ha® TIP~! and 0.012 Mg ha! event™). The dif-
ferences in the values of SY per event between the CC and CT plots were
statistically significant (P = 0.029), and clear differences appeared be-
tween the mean values of the CC (SY = 0.22 Mg ha~! event™!) and CT (SY
= 0.46 Mg ha! event™) plots. This pattern was constant over time and
the values of SY followed this sequence: HRS and CT (SY = 0.69 Mg ha™!
event™) > HRS and CC (SY = 0.35 Mg ha™! event™) > RS and CT (5Y =
0.27 Mg ha™! event™!) > RS and CC (SY = 0.10 Mg ha! event™) > DS
and CT (SY = 0.02 Mg ha™! event™) > DS and CC (SY = 0.01 Mg ha!
event’l).
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Table 2

Rainfall characteristics during the different time-integrated periods (TIP) along the test period (hydrological year 2010-2011).
Survey Regime RE SR R Izo D 2El30 El3
Date # (type) (n) (mm) (mm) (mm/h) (s) (MJ mm / ha h TIP) (MJ mm / ha h event)
14/0ct/2010 S1 HRS 4 54.5 13.6 7.5 6,739 68.65 17.16
05/Nov/2010 S2 HRS 1 16.0 16.0 32.0 1,800 144.12 144.12
02/Dec/2010 S3 HRS 11 96.0 8.7 4.5 7,833 54.26 4.93
14/Dec/2010 S4 HRS 5 75.0 15.0 10.0 4,977 216.99 43.40
28/Dec/2010 S5 HRS 3 93.5 31.2 14.7 8,029 422.43 140.81
13/Jan/2011* S6 HRS 4 44.5 11.1 9.5 3,893 105.59 26.40
23/Feb/2011 S7 RS 5 59.5 11.9 8.6 5,245 69.41 13.88
16/Mar/2011 S8 RS 5 88.5 17.7 7.8 10,566 81.53 16.31
27/Apr/2011 S9 RS 6 40.5 6.8 3.2 6,025 19.61 3.27
10/May/2011 S10 RS 5 55.0 11.0 7.2 5,216 57.64 11.53
24/May/2011 S11 RS 1 52.5 52.5 77.0 2,455 1,107.69 1,107.69
15/Sep/2011 S12 DS 2 39.5 19.8 10.0 5,456 92.47 46.23

RE: rainfall events, SR: accumulated rainfall, R: average rainfall depth, I3: average maximum rainfall intensity, D: mean duration, SEI3,: accumulated rainfall
erosivity, El3: average rainfall erosivity; DS: dry season, RS: rainy season, and HRS: heavy rainy season. *: The most erosive rainfall event during this TIP took place in

December, during the HRS.
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Fig. 3. Mean, standard deviation and total values (inset figure) of sediment
yield per time-integrated period (A), rainfall event (B) and rainfall erosivity (C)
in the cover crop (CC) and conventional tillage (CT) plots. The white, light grey
and dark grey areas correspond to the heavy-rainy (HRS), rainy (RS) and dry
(DS) seasons. The asterisks and different lowercase letters in the inset figures
indicate significant differences between the CC and CT plots at 0.05 level in the
corresponding date.

As the rainy seasons along the hydrological year had distinct values
of rainfall depth, intensity and erosivity, the mean SY per rainfall
erosivity unit (El3p) was calculated (Table 4) (Fig. 3c). The highest
values of SY-El3( appeared between December and March, with mean
values in the six plots that ranged between 8.3 and 35.2 g ha™! EI3,
whereas SY remained below 0.5 g ha EI5) between April and
September. Thus, the effective erosivity of the intense rainfall event that
took place in May 2011 was much lower than the erosivity associated to
the events that happened in fall and winter. The mean SY during the
HRS, RS and DS was of 10.3, 6.5 and 0.3 g ha! EI}, respectively. The
effective erosivity in the CT plots (SY =13.7 g ha™* EI3b) was on average
172 % higher than in the CC plots (SY =5.0 g ha™! EI3}), and the dif-
ference was statistically significant (P = 0.007).

3.2. Protected and non-protected SOC content in the soil samples

Before fractionation, the highest SOC content in the top 5 cm soil was
found in the CC plots (14.6 = 4.0 mg Corg g’1 soil) whereas in the CT
plots the content (9.3 & 0.9 mg Coyg g soil) was significantly lower (P =
0.021). On average —from all the plots, the SOC in the 5-15 cm soil
depth was 19 % lower than in the 0—5 cm soil. In particular, the SOC in
the 5-15 cm soil depth of the CC plots (11.0 & 3.6 mg Corg g} soil) was
only 7% higher than that in the CT plots (10.3 + 2.6 mg Cyg g ! soil) and
differences among treatments were not significant (P = 0.722) at this
soil layer. The SOC in the soil particles of 250-2000 pm, 53-250 pm and
<53 pm of the top 5 cm soil of the CC plots were, on average, 1.8, 1.4 and
1.1 times higher than that of the soil under CT treatment. In the 5-15 cm
soil depth, and following the overall pattern described above, the SOC in
the different soil particles sizes in the CC plots were similar to the
content in the CT plots. When the analysis was focused on the SOC
densities (e.g. mg Corg ¢! soil particle fraction) of the top 5 cm soil, the
values in the CC plots were 1.2, 1.4 and 1.5 times higher than those in
the CT plots in the 250-2000 pm, 53-250 pm and <53 pm fractions,
respectively. Differences in SOC density between CC and CT plots
decreased in the 5—15 cm soil layer and were not significant in any case:
P = 0.652, 0.070 and 0.435 in the 250-2000 pm, 53-250 pm and <53
pm fractions.

The cPOM (1.8 times) and LF (2.7 times) fractions, and thus unpro-
tected top 5 cm soil SOC (1.9 times) were significantly higher in the CC
than in the CT plots (Table 5). The LF fraction in the 5—15 cm soil layer
was also significantly higher in the CC although it was not the case for
the total unprotected SOC. Total protected C, and particularly the
biochemically-physically-chemically fraction, were significantly higher
in CC plots for the top 5 cm of soil. However, this was not true for the
5—15 cm soil layer. Unprotected SOC accounted for a mean of 59.6 % of
the total SOC in the top 5 cm of soils in the CC plots whereas figure
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Table 3
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Sediment yield measured during each time-integrated period (TIP), and estimated at rainfall event scale, for the CC and CT plots. The same lowercase letter in the mean
sediment yield per TIP and event during the whole hydrological cycle indicates that no significant difference was observed at 0.05 level between the six plots.

Survey Sediment yield (Mg / ha TIP) Sediment yield (Mg / ha event)
# RP1 RP2 RP3 RP4 RP5 RP6 RP1 RP2 RP3 RP4 RP5 RP6
CC-I CT CC-II CT CC-I CC-II CC-I CT CC-II CT CC-I CC-II
S1 0.498 0.873 0.135 0.550 0.105 0.096 0.124 0.218 0.034 0.137 0.026 0.024
S2 0.137 0.274 0.051 0.043 0.032 0.004 0.137 0.274 0.051 0.043 0.032 0.004
S3 0.118 0.223 0.011 0.043 0.033 0.003 0.011 0.020 0.001 0.004 0.003 <0.001
S4 2.892 1.425 2.226 5.380 1.357 1.347 0.578 0.285 0.445 1.076 0.271 0.269
S5 4.984 4.418 3.843 4.740 0.972 2.023 1.661 1.473 1.281 1.580 0.324 0.674
S6 2.877 7.678 2.897 5.141 1.391 2.286 0.719 1.919 0.724 1.285 0.348 0.571
S7 1.762 2.022 0.435 1.038 0.441 0.373 0.220 0.253 0.054 0.130 0.055 0.047
S8 1.205 3.230 0.369 3.047 0.238 0.175 0.241 0.646 0.074 0.609 0.048 0.035
S9 0.006 0.019 0.004 0.016 0.001 0.002 0.001 0.003 0.001 0.003 <0.001 <0.001
S10 0.012 0.008 0.004 0.037 0.004 0.003 0.002 0.002 0.001 0.007 0.001 0.001
S11 0.186 0.531 0.509 0.509 0.530 0.090 0.186 0.531 0.509 0.509 0.530 0.090
S12 0.022 0.029 0.012 0.069 0.005 0.007 0.011 0.015 0.006 0.034 0.002 0.004
Total 14.699 20.730 10.498 20.611 5.108 6.409 3.893 5.638 3.181 5.418 1.640 1.720
Mean 1.225a 1.727a 0.875a 1.718a 0.426a 0.534a 0.324a 0.470a 0.265a 0.451a 0.137a 0.143a
Table 4 = 0.029). Regarding the distinct fractions, the total loss of non-protected
able

Calculated sediment yield per rainfall erosivity unit (El3p) during each time-
integrated period (TIP). The same lowercase letter in the mean sediment yield
per El3g during the whole hydrological cycle indicates that no significant dif-
ference was observed at 0.05 level between the six plots.

Survey  Sediment yield (g / ha Elsp)
# RP1 (CC- RP2 RP3 (CC- RP4 RP5 (CC- RP6 (CC-
D (Cn 1)) (CT) D 1
S1 7.2 12.7 2.0 8.0 1.5 1.4
S2 1.0 1.9 0.4 0.3 0.2 <0.1
S3 2.2 4.1 0.2 0.8 0.6 <0.1
S4 13.3 6.6 10.3 24.8 6.3 6.2
S5 11.8 10.5 9.1 11.2 2.3 4.8
S6 27.2 72.7 27.4 48.7 13.2 21.6
S7 25.4 29.1 6.3 15.0 6.4 5.4
S8 14.8 39.6 4.5 37.4 2.9 2.1
S9 0.3 1.0 0.2 0.8 0.1 0.1
S10 0.2 0.1 0.1 0.6 0.1 <0.1
S11 0.2 0.5 0.5 0.5 0.5 0.1
S12 0.2 0.3 0.1 0.7 <0.1 0.1
Total 103.8 179.1 61.0 148.8 34.0 41.9
Mean 8.7a 14.9a 5.1a 12.4a 2.8a 3.5a

(mean of 40.6 %) was significantly lower in the CT plots. The contri-
bution of the protected SOC to the total SOC in the top 5 cm of soils of the
CT plots (mean of 59.3 %) was significantly higher than that of the CT
plots (40.3 %).

3.3. Loss of protected and non-protected organic carbon

The average loss of total SOC during the whole test-period was of
148.4 and 221.5 kg Corg ha™ yr! in the CC and CT plots, respectively,
but the difference between both values was not significant (P = 0.156).
However, when the statistical analysis was done at TIP scale, the dif-
ferences in the losses of total SOC among treatments were significant (P

Table 5

Corg averaged 51.2 and 56.9 kg Corg yr ! in the CC and CT plots without
being statistically significant (P = 0.813) (Fig. 4). The mean total loss of
protected Corg for CC plots was 97.0 kg Corg yr1, which was significantly
lower (P = 0.042) than the 163.4 kg Corg yr! recorded in the CT plots
(Fig. 4).

The highest proportion of organic carbon which was eroded corre-
sponded to the physically protected carbon (53-250 pm) and averaged
during the studied hydrological period 45 % and 44 % of the total in CT
and CC, respectively, whereas the lowest was the chemically (13 %) and
biochemically protected (10 %) in the CT and CC, respectively. These
results were in agreement with the higher content of sand sized particles
in the soil of both the CC and CT plots.

Overall, the loss of protected SOC in the sediment of the CT plots
reached up to 74 % of the total SOC loss, whereas this percentage was,
on average, of 65 % in the CC plots. This pattern was especially marked
in the loss of the bio-chemically protected fraction, which was 1.72
times higher in the CT plots than in the CC plots. Despite the distinct
behaviour of the CC and CT plots, the differences at TIP scale between
the non-protected (P = 0.518), physically protected (P = 0.774),
chemically protected (P = 0.721), bio-chemically protected (P = 0.133)
and total protected (P = 0.553) fractions of the two treatments were not
statistically significant (Fig. 4). However, when the differences were
analysed at annual scale —accumulated loss of SOC per plot- the dif-
ferences became significant between the total protected (P = 0.042) and
bio-chemically protected (P = 0.013) fractions of the two treatments.

The mean Coq content of the total eroded sediment was of 17.1 and
10.7 mg Corg gsa in the CC and CT plots, respectively. Figures for the
non-protected and physically, chemically, bio-chemically and total
protected fractions were of 5.5, 7.7, 2.2, 1.7 and 11.6 mg Corg g;eld in the
CC plots, whereas values were of 2.8 (26 %), 4.8 (45 %), 1.4 (13 %), 1.7
(16 %) and 8.0 (74 %) mg Corg g;éd in the CT plots.

During the 12 TIPs, the evolution in the loss of the protected and non-
protected SOC fractions was different between the CC and CT plots. The

Mean and standard deviation content of the non-protected and protected fractions of SOC in the 5 soil samples collected in CC and CT plots at two soil depth intervals.
Different lowercase letters in the same column and within the same soil depth range indicates the difference was significant at 0.05 level.

Depth Non-protected (mg Corg / g s0il) Protected (mg Corg / g S0il)
(cm) >250 pm 53-250 pm Total 53-250 pm <53 pm Total
Phy Phy-Chem Bio-Phy-Chem Chem Bio-Chem
cPOM LF iPOM H-pSilt + pClay NH-pSilt + pClay H-dSilt + dClay NH-dSilt + dClay

0-5 CcC 4.79 £+ 1.41a 1.78 £ 1.39a 6.37a 3.76 £+ 0.90a 1.34 £+ 0.59a 0.55 £+ 0.24a 3.35 £ 0.63a 1.69 + 0.57a 10.68a
0-5 CT 2.73 £+ 0.68b 0.66 + 0.27a 3.38b 2.70 + 0.84a 0.95 + 0.30a 0.27 £ 0.07b 3.12 £ 0.61a 1.27 + 0.44a 8.31b
5-15 CcC 2.12+0.78a 1.50 + 0.67a 3.62a 2.82 +1.02a 0.95 + 0.34a 0.50 £ 0.22a 2.35 £ 0.96a 1.74 £ 0.74a 8.36a
5-15 CT 2.50 £ 0.65a 0.65 + 0.26b 3.15a 1.68 + 0.39a 1.22 + 0.06a 0.37 £ 0.14a 3.38 £0.93a 1.08 + 0.76a 7.73a
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Fig. 4. Loss of non-protected (A) and protected (B) SOC during the 12 time-
integrated periods and the whole hydrological cycle (inset) in the CC and CT
plots. The white, light grey and dark grey areas correspond to the heavy-rainy
(HRS), rainy (RS) and dry (DS) seasons. The asterisks and different lowercase
letters indicate significant differences between the CC and CT plots at 0.05 level
in the corresponding date.

highest rates of SOC loss were found in the TIP #4 (December), #5
(December) and #6 (January) in the CC plots, with an average rate of
38.7 kg Corg ha! TIP’l; whereas the highest rates in the CT plots
appeared in the TIP #4, #5, #6, #7 (February) and #8 (March), with an
average rate of 38.8 kg Corg ha! TIP! (Fig. 5). During the remaining
TIPs, the average rate of SOC loss was very low: 6.8 and 4.6 kg Corg ha™!
TIP™}, in the CC and CT plots, respectively, and after excluding the TIPs
when no SOC loss was observed. It is worth mentioning that only the
collector of the plot #4 (CT) stored sediment during all TIPs. During the
TIP #3, #9 and #10, no SOC loss was measured in the four plots with
CGC, highlighting the protecting role of the CC against soil erosion.

The loss of the physically protected fraction was the most important
among the four fractions, in 70 % and 82 % of the TIPs in the CC and CT
plots, respectively. In the CC plots, the bio-chemically protected fraction
represented the lowest amount of SOC loss (ca. 10 %), whereas in the CT
plots the loss of the bio-chemically protected fraction was on average 24
% higher than the loss of the chemically protected fraction (ca. 13 % of
the total SOC loss). The non-protected fraction was the most important
in 25 % and 9% of the TIPs in the CC and CT plots, respectively. During
the three months of the heavy-rainy season (HRS), the average loss of
total SOC was of 25.8 and 27.5 kg C ha™! TIP™! in the CC and CT plots,
respectively. During the five months of the rainy season (RS), the
average loss of total SOC was of 9.3 and 13.8 kg C ha™! TIP! in the CC
and CT plots, respectively, whereas during the four months of the dry
season (DS), all rates were low and the average loss of total SOC was of
0.7 and 1.2 kg C ha™ TIP! in the plots under CC and CT, respectively.

Based on the weight of the sediment, the highest concentrations of
Corg appeared in the total protected fractions in the DS (25.8 and 18.0

Soil & Tillage Research 213 (2021) 105119

mg Corg ¢! sediment in CC and CT) followed by the HRS and RS, with
minor differences between the two latest rainfall seasons. Differences
between the concentrations of the protected fractions of the CC and CT
plots were not significant for the DS, HRS and RS (Table 6). However,
the differences of the CC and CT plots between the DS and the other two
rainfall regimes were significant. In particular, the physically protected
fractions had the highest values both in the CC and CT plots compared
with the other fractions and during the three rainfall seasons. The non-
protected fractions presented lower values than those observed in the
physically protected fractions and higher values than those obtained in
the chemically and bio-chemically protected fractions. This pattern
remained constant in the three rainfall regimes, either in the CC or in the
CT plots, but no significant difference was obtained. The differences
between the two treatments (CC vs. CT) were only significant in the
physically protected fractions in the DS, and in the chemically protected
fractions in the RS. More differences that are significant appeared when
the analysis was done between the three rainfall regimes with the same
treatment regarding the protected fractions. The chemically (between
1.0 and 7.5 mg Corg g sediment) and bio-chemically (between 0.9 and
2.4 mg Cog g sediment) protected fractions showed lower
concentrations.

Taking into account the marked temporal changes in the rainfall
depths and intensities in the study area over the year, we evaluated the
relationship between the accumulated rainfall erosivity (ZEI3) between
each field survey —called time-integrated period (TIP)- and the loss of
the different SOC fractions in the different plots and treatments. In
general, higher 2EI3, values favoured an increasing loss of both total
non-protected and total protected fractions, in particular during HRS
(from October to December) when the soil surface cover presented its
lowest values. The events recorded during RS (from January to May)
—with the highest values of soil surface cover- and DS (from June to
September) —almost no rainfall- triggered lower losses of SOC regardless
the values of rainfall depth and/ or intensity.

3.4. Sediment carbon enrichment ratios of the protected and non-
protected SOC fractions

On average, the calculated annual sediment/soil enrichment ratio for
the total organic carbon (ERgpc) was of 1.002 and 0.917 in the CC and
CT plots, respectively (Table 7). In all fractions, except the bio-
chemically (26 %) protected fractions, the ERgoc in the CC plots ten-
ded to be greater than those values in the CT plots, although differences
were not significant between the two treatments. The physically and bio-
chemically protected fractions had ERgoc > 1, whereas the other frac-
tions presented ERgoc <1, especially the chemically protected fractions
that had the lowest ERgoc, both in the CC (ERsoc = 0.64) and CT (ERsoc
= 0.45) plots. However, none of the ERgp¢ values were significantly
different from 1.

Over the three soil moisture seasons, the highest ERgo¢ of the total
organic carbon appeared in the DS, both in the CC (ERsoc = 1.99) and
CT (ERsoc = 2.06) plots. The lowest ratios were found in the RS (ERsoc
=0.96 in CC; ERsoc = 0.90 in CT) and HRS (ERsoc = 0.95 in CC; ERsoc
= 0.92 in CT), without clear differences between these two rainfall
regimes. This temporal pattern was repeated in all protected and non-
protected fractions, but the ERgo¢ in the non-protected fractions were
lower than those of the total protected fractions (Fig. 6).

4. Discussion

4.1. Temporal patterns of sediment yield under contrasted soil
management

Annual rainfall during the studied period was 38 % higher than the
25-year average, but within the wide range of variability which char-
acterises the Mediterranean climate of the area. Overall, the temporal
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Fig. 5. Loss of the different (non-)protected SOC fractions
during the 12 time-integrated periods and the whole hydro-
logical cycle (inset) in the CC and CT plots. The physically
protected stock in these charts included the previous physically
protected (as defined in the Section 2.3. Soil carbon fraction-
ation), the physically-chemically protected, and the bio-
physically-chemically protected fractions. The white, light
grey and dark grey areas correspond to the heavy-rainy (HRS),

rainy (RS) and dry (DS) seasons.

M Bio-chemically
protected

Physically
protected

m Chemically
protected

M Non-protected

Weighted mean, and standard error of the mean, content of the non-protected and protected Cy, fractions in the sediment samples collected from the CC and CT plots
during the three soil moisture regimes: HRS, RS and DS. Different lowercase letters in the same column indicates the difference was significant at 0.05 level.

Moisture

Contents of organic carbon in the sediment (mg Core/g sediment)

. Protected
regime Non-protected* - -
Physically** Chemically' Bio-Chemically'’ Total
HRS CC 5.46 + 0.83a',a 7.02 + 1.26a’, a 2.05 + 0.43a’, b’ 1.75 + 0.29a’, b" 10.83 +1.88a’, a’'
CT 2.81 £0.55a', a 4.57 + 0.05a’, a 1.49 £ 0.34a', a 1.85 + 0.18a’, a' 7.91 + 0.47a’, a'
RS cc 6.47 £ 1.09a’, a 7.57 £ 1.71a’, a 1.46 + 0.09a’, a 0.87 £ 0.14a’, a’ 9.90 £ 1.77a’, a’
CT 2.61 +1.22a', a 5.59 + 0.16a’, b’ 1.03 £ 0.01b’, a' 1.35 £ 0.27a’, a' 7.97 £ 0.12a’, a'
DS CC 8.08"a’, a 15.92"a’, a 7.51%a', ¢ 2.36"a’, ¢ 25.79%a’, b
CT 6.13 +£ 0.21a’, a 8.45 + 0.32b', ¢ 7.25 + 2.10a', a 2.31 £ 0.69a’, a’ 18.01 + 2.46a’, b
Test period CC 5.52 + 0.84 7.70 £1.20 2.16 £ 0.36 1.71 £0.21 11.57 + 1.63
CT 2.77 £0.70 4.84 + 0.10 1.39 +£ 0.27 1.72 £ 0.22 7.95 £ 0.39

* Including the cPOM and LF fractions.

" Including the physically protected (as defined in the Section 2.3. Soil carbon fractionation), the physically-chemically protected, and the bio-physically-chemically

protected fractions (iPOM, H-pSilt + pClay, and NH-pSilt + pClay).
t Including H-dSilt + dClay.
' Including NH-dSilt + dClay.

# ANOVA between the different treatments within the same soil moisture regime.
# ANOVA between the plots with the same treatment during the different soil moisture regimes; " the standard error of the mean cannot be calculated because

sediment was only collected in one of the four rainfall events.

pattern of both sediment yield per TIP or event and per erosivity were
similar to that of other studies in Mediterranean-climate areas (e.g.
Marques et al., 2010; Biddoccu et al., 2017); with relatively low values
of both metrics during autumn, the highest with some peaks during late
autumn-early winter, and very low or lacking after May until the
following hydrological season. Although the plots seeded with Lolium
multiflorum tended to have the lowest sediment yield, there was no
significant difference between the two temporary cover crops types.
Therefore, the two types of CC communities provided similar ground
cover (data already published by Gomez et al., 2018a,b), mainly by

plant residues from the previous spring or by living plants from about
early winter, to reduce the interrill erosion by intercepting the raindrops
and dissipating impact energy.

The relatively few studies measuring soil erosion in woody orchards
with different cover crops species with natural rainfall have shown
contrasting results. Ruiz-Colmenero et al. (2013) using microplots (4 x
0.5 m) in a vineyard found significantly higher sediment losses (cumu-
lative value of 4 years) in the Brachypodum distachyon treatment as
compared to the Secale cereale cover crops. Using a similar design, with
microplots as well (2 x 0.5 m), Sastre et al. (2017) found no differences
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Table 7
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Mean weighted annual sediment/soil carbon enrichment ratios (ER) of the non-protected and protected organic carbon fractions in the CC and CT plots. No significant
difference —at 0.05 level- appeared between the two treatments at any fraction.

Protected SOC
Non-protected -
Physically** Chemically Bio-Chemically'' Total Total
cC 0.87 1.37 0.64 1.01 1.08 1.00
CT 0.82 1.23 0.45 1.36 0.96 0.92
P-value 0.846 0.698 0.314 0.174 0.614 0.623

" Including the cPOM and LF fractions.

" Including the physically protected (as defined in the Section 2.3. Soil carbon fractionation), the physically-chemically protected, and the bio-physically-chemically

protected fractions (iPOM, H-pSilt + pClay, and NH-pSilt + pClay).
 Including H-dSilt + dClay.
' Including NH-dSilt + dClay.
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Fig. 6. Mean sediment/soil carbon enrichment ratios of non-protected (ERy.
poc; @) and protected (ERpoc; b) SOC fractions in the CC and CT plots in the 12
time-integrated periods. The white, light grey and dark grey areas correspond to
the heavy-rainy (HRS), rainy (RS) and dry (DS) seasons.

in 4-year cumulative sediment losses between Hordeum vulgare and
Brachypodum distachyon or between Hordeum vulgare and Onobrychis
viciifolia Scop., however, with Brachypodum distachyon the cumulative
sediment losses was the lowest.

At a larger scale (plots of 5 x 10 m), but under simulated rainfall,
Repullo -Ruibérriz de Torres et al. (2018) compared runoff and sediment
yield for two years in six different ground managements: tillage, spon-
taneous vegetation and sown cover crops of I) Brachypodium distachyon,
II) Sinapis alba, 111) Vicia sativa, and IV) Vicia ervilia. They concluded that
CC significantly reduced erosion irrespectively of the plant species at the
end of the trial, being the architecture of the surface cover a key issue to
explore. Due to establishment problems of B. distachyon and V. sativa soil
protection was lower compared to other CC the first year, contrasting to
the results of Ramirez-Garcia et al. (2015), who reported after a
two-season study under field conditions a better ground cover during the
developing stage of gramineous compared to leguminous and
cruciferous.
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The result in our one-year hydrological study showing no significant
differences in sediment yield between the two types of seeded CC, is in
line with some previous studies, highlighting that differences among CC
species on soil protection might be site, and year, dependent in terms of
species emergence and biomass development.

The averaged 55.6 % of annual reduction of SY under temporary CC
compared to the uncovered soil agrees well, although at the lower end,
with a number of studies that have showed, in other woody crops and
under Mediterranean climate, a reduction in the sediment yield. Tem-
porary CC along the alleys have shown a consistent effect in reducing
soil losses in olives, vineyards and almonds. Gomez et al. (2011) in an
analysis of a 3-year experiment across olives and vineyards in Spain,
Portugal and France found that sediment losses in fields with temporary
CC were in the range of 2 %-47 % of that generated in bare soil managed
treatments. Martinez-Raya et al. (2006) measured in an almond orchard
on a 35 % slope over a 4-year period soil losses with temporary CC of
barley and lentils of 32 %43 %, respectively, of those measured on the
bare soil treatment; and Martinez-Mean et al. (2020) measured de-
creases in soil erosion of 85 % in almond orchards under reduced tillage
combined with green manure. The relatively low percentage of reduc-
tion of this study compared to others was likely due to the relatively high
erosivity (EI3p) in December, a period of time when living plants were
not fully established after seeding which also disturbed the soil and
reduced ground cover. Interestingly, during the first rainfall of 54.5 mm
of early autumn, SY was significantly reduced in the seeded plots,
despite that living plants were not fully developed, highlighting the
positive effect of plant residues (Sastre et al., 2017) in reducing soil
erosion, at least when Elgy is relatively low. This result agrees with that
of Francia-Martinez et al. (2006) in an olive grove and with the field
observations made by Napoli et al. (2017) in vineyards in central Italy,
where permanent grass cover reduced significantly runoff during
copious and intense rainfalls. Lopez-Vicente et al. (2020) also found in
vineyards in NE Spain, significant differences between the concentration
of organic matter in sediment in the months with low and
moderate-to-high ground cover.

4.2. Temporary seeded cover crops increase SOC fractions

The implementation of temporary CC not only reduced SY but also
significantly increased the SOC content of the top 5 cm soil. Indeed, total
SOC concentration after six years of temporary CC was significantly
higher (by 48 %) than that of the CT plots. Similar results were obtained
for a number of studies in olive groves (Nieto et al., 2013) and other
woody crops, such as vineyards (Ruiz-Colmenero et al., 2013) and al-
monds (Ramos et al., 2010; Almagro et al., 2017). The higher SOC stock
in soils under cover crop treatment was mainly due to the annual organic
carbon input of the plant residues (measured as dry weight equivalent;
DW). Vicente-Vicente et al. (2017) found an average net annual
aboveground organic carbon input of 0.56 Mg DW ha! in ten olive
groves with temporary spontaneous cover crop. However, the reported
net annual organic carbon input into the soils by seeded CC are
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sometimes higher. For instance, Repullo-Ruibérriz de Torres et al.
(2012) found during a two-year study a net aboveground annual C input
of between 0.40 and 2.1 Mg DW ha!, depending on the seeded her-
baceous species. In addition to the annual organic carbon input, the
reduction in annual SOC losses by soil erosion (see below) also con-
tributes to the increased of total SOC in the top 5 cm soil layer. Finally,
plant residues together with the increase in micro-habitat diversity
—provided by both residues and living plants under CC- might have an
important impact on SOC accrual in our CC plots. That it can improve
the ability of soil microbial communities to rapidly process plant resi-
dues and protect them in aggregates, and also introduces greater di-
versity of organic carbon compounds into the soil, some of which may be
more resistant to decomposition (Tiemann et al., 2015).

Both, unprotected and protected SOC fractions were significantly
higher under CC plots compared to bare tilled soils. The highest increase
was achieved for the cPOM (the coarse non-protected SOC). This result
was similar to that of Vicente-Vicente et al. (2017) who also analysed the
SOC fractions in 10 olive groves with spontaneous temporary CC and
other 10 comparable uncovered groves. The fact that in the top 5 cm soil,
cPOM, but also LF, were significantly higher in the CC plots, was not
unexpected as these fractions are mainly fed by partially decomposed
plant residues (Six et al., 2000, 2002).

For the protected SOC fractions, although only the biochemically
protected C of the silt + clay soil fractions were significantly higher, the
physically protected C (iPOM) and the chemically protected C within
microaggregates were 40 % and 41 % higher under CC. The higher
physically protected C is due to the physical protection exerted by
macro- and/or microaggregates on SOC, which is attributed to the
compartmentalization of substrate and microbial biomass (Killham
et al., 1993) and the reduced diffusion of oxygen into macro and,
especially microaggregates, resulting in a reduced activity within the
aggregates (Sollins et al., 1996). In our study, the macroaggregates
stability of soils of CC were, on average, 1.52 times higher than that of
the CT plots, which agrees with the recent findings of Garcia-Franco
et al. (2015) who showed, after 4 years of green manuring in an almond
orchard, that formation of micro- and macro-aggregates were promoted.
Plant residues serve, following the decomposition process, as a binding
agent to hold soil particles together forming aggregates (Jastrow et al.,
1998), which might explain the higher macroaggregate stability and the
increased content of SOC physically protected in the CC plots. In addi-
tion, the fact that the SOC of the silt + clay particles (<53 pm) within
micro aggregates (53-250 pm) was higher in plant covered soil, suggests
that SOC chemically protected within the microaggregates, and even-
tually stability of the microaggregates, is increased after the incorpo-
ration of plant cover residues, as reported by Six et al. (2000). This could
be explained by the fact that the release of biogenic products and other
binding agents, such as polysaccharides and root exudates (Puget and
Drinkwater, 2001), during the incorporation and relatively rapid
decomposition of the residues of the plant cover, may have promoted the
solid-phase reaction between organic matter and clay and silt particles.
These processes led to an increase in the chemically protected SOC
within a SOC fraction that is physically protected, and to the formation
of stable microaggregates (Golchin et al., 1994). Our results suggest that
a significant part of the SOC stabilization is due to physico-chemical
protection of organic carbon by mineral particles (Krull et al., 2003;
Bronick and Lal, 2005). This result is in line with those obtained by
Garcia-Franco et al. (2015) who found that the proportion of
micro-aggregates, and its stability, within small macro-aggregates
increased after green manuring together with reduced tillage. The
higher SOC concentration in the silt + clay-occluded SOC in
micro-aggregates of CC plots relative to CT, can be beneficial to
long-term C sequestration because micro-aggregates have longer turn-
over times and higher stability than macro-aggregates (Denef et al.,
2001; Huang et al., 2010), indicating the potential of this management
practice to promote SOC accrual and stabilization.

The pool of biochemically protected carbon indicates the
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biochemical stabilization of organic carbon through biotic and abiotic
creation of decay-resistant organic compounds, and is usually referred to
as the passive or recalcitrant pool of SOC (Tan et al., 2004). The pool of
biochemically protected carbon within the 53-250 pm aggregates were
significantly higher in the top 5 cm of soil under CC. Therefore, the
above and belowground residues of the temporary seeded cover crops
are the source of a more complex chemical composition of the organic
carbon and/or boost the conditions for the condensation and complex-
ation of organic matter decomposition, rendering them more resistant to
subsequent decomposition (Six et al., 2002). Therefore, at the regional
scale of Andalusia, where olive groves represent a very high proportion
of cropland, the use of plant cover is a promising practice that promotes
the accumulation of protected SOC fractions, and thus, of C
sequestration.

4.3. Preferential loss of SOC fractions under contrasted soil management

The CT plots lost on average 0.221 Mg C ha! during the studied
hydrological cycle, whereas figure for the CC plots averaged 66 % of that
(0.148 Mg C ha’l). The values were similar to the grand mean of 0.140
Mg C ha~! measured in runoff plots of three sites within an annual
rainfall of between 360-550 mm ha~! and during 1-5 hydrological cy-
cles under Mediterranean climate (Roose and Barthes, 2006). Despite
the significant difference in annual sediment yield between manage-
ments, annual eroded organic C was not significantly different. This was
due to the higher organic carbon concentration of the sediment of CC
(1.70 % =+ 0.31) compared to the CT plots (1.07 % + 0.03) and the high
variability in sediment yield of the CC plots (coefficient of variation of
41 %). This finding agrees with Morsli et al. (2006) observations in a
vertic soil, where sediment yield was twice under bare soil conditions
than under cultivated with wheat, although eroded organic carbon was
similar in both treatments because of sediment organic carbon concen-
tration was twice in the cultivated soil.

The average retention of 73.1 kg Corg ha™! yr~! under cover crop
compared to the bare soil in this relatively rainy hydrological cycle
season, and under unfavourable conditions for soil protection by the
cover crop, highlights the relative importance of considering eroded
SOC in C budgets and C footprint analysis in olive groves. For instance,
this amount of retained organic carbon is equivalent to the 30.7 % of the
mean of organic carbon annually retained in one hectare in the stable
structures (above and belowground olive tree biomass) of traditional
olive groves (Lopez-Bellido et al., 2016) or 13.05 % of the mean annual
organic carbon input by spontaneous temporary CC measured by Vice-
nte-Vicente et al. (2017).

This organic carbon which is retained within the agroecosystem due
to the sediment yield reduction, together with the annual input of
organic carbon due to the above and belowground biomass of the tem-
porary seeded CC, not only explains the higher SOC content of the top
soil layer under CC compared to CT, but also confirms the important role
of CC on SOC accumulation in woody crops.

In both managements, the contribution of protected carbon to the
total eroded C was the highest. Within this pool, the physically protected
fraction (53-250 pm excluding the LF fraction) was the one that
contributed the most. Most of the soil particles in soil of CC (x = 66.4 %)
and CT (x = 63.1 %) plots were between 53-250 pm and were not
significantly different among the treatments, and nor between the soil
and sediment samples when comparing samples from the same treat-
ment (Supplementary Table 1). Similarly, the content of the 53-250 pm
sized particle of the sediment collected in the CC (X = 65.6 %) and CT (x
= 64.3 %) plots was the highest. Therefore, the particle size distribution
of the sediments —during the whole studied period- resembles that of the
soil, independently of the management. This result contrasts with the
relatively common assumption that clay and silt sized sediments are
preferably transported by runoff, typically resulting in clay (ER¢ay) and
silt (ERgjj¢) enrichment ratios >1 (Warrington et al., 2009), although this
is highly dependent on soil properties, slope, erosion dominant
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processes, and erosion and rainfall intensity, among others. The fact that
in our study the range of fine sand sized particles in the sediment, and
thus the organic carbon in this particle size range, was the most abun-
dant —as it was in the soils— could be explained because 79.7 % and 70.3
% of the total SY in the CC and CT, respectively, took place in only one
month (TIPs #4, 5 and 6). In this month —December 2010- the cumu-
lative El3p was higher than 105.6 MJ mm ha~! h'l. Under this relatively
high EI3p and when soil was subjected to a cumulative rainfall of 166
mm during the previous two months, some of the microaggregates de-
tached resulting in a nonselective erosion process. Thus, during this
period of high SY, the presence of the CC clearly reduced the magnitude
of soil erosion, but did not affect the selectiveness of soil particle
transport. Establishment of the cover in early fall is a critical period,
since its opens a “window of opportunity” for erosion while the soil is
bare before the plants emerge and provide ground cover. For this reason,
fast growing species which emerge early in fall and have the possibility
of self-seeding over multiple years have been recommended to minimize
this risk (Gomez and Soriano, 2020; Gomez, 2017).

The amount of non-protected carbon lost did not differ between
management, despite that the sediment yield did. This was so because
there were 1.75 and 2.7 times more cPOM and LF in the top 5 cm of soils
of CC compared to CT plots, resulting in higher carbon content of the LF
and cPOM in the sediment of the CC plots, especially in TIPs previous to
December, when ERy.poc was close to 2.0. Indeed, an ERgoc > 1 in
sediment eroded under low rainfall intensity and plant covered soil has
been often attributed to poorly decomposed non-cohesive plant frag-
ments (Ghadiri and Rose, 1991; Martinez-Mena et al.,, 2012),
non-protected carbon in our study, which, despite their relatively low
concentration in the soil, are transported preferentially due to their low
density. Indeed, the presence of a thick litter layer in early autumn in the
CC plots could reduce flow velocity; hence, the detachment and trans-
port capacities of the runoff flow, by provided easily transportable
organic particles. Despite this selectivity in losing organic carbon in the
CC plots, generally was not significant with respect to CT plots because
the contribution of the sediment lost during this period of low SY to the
total was very low.

Overall, the ERsoc and the ER of the Co fractions of different pro-
tective levels of the sediment were not significantly different from 1 and
the presence of the seeded temporary CC did not affect significantly the
ERgoc. This disagrees with other studies that have found that ERgo¢ of
sediment from plots with vegetation is usually higher than 1 and higher
than comparable bare soils. For instance, ERgoc was the lowest and close
to 1 for bare soils, and the highest (>2) were achieved in plots cultivated
with herbaceous plants or with scrubs (Morsli et al., 2006). Roose and
Barthes (2006) found that ERgoc under natural vegetation was typically
higher than 2.4, whereas for bare tilled soils were typically around 1.0.
The ERgo( close to 1 and the lack of effects of the presence of the cover
crop in the ERgoc of our study were likely due to the very high pro-
portion of the annual sediment yield of December with high erosion
rates, and development of some micro-rills, which fully mixed the
transported topsoil. This is in line with some studies that have found that
the higher the rainfall intensity and sediment yield are, the lower is the
ERgoc. For instance, Roose and Barthes (2006) found in 54 runoff plots
in tropical and Mediterranean regions that the highest (>3) and the
smallest (1) ERgoc were measured on plots under vegetation with low or
very low (<0.5 Mg ha~! y~!) and high (>20 Mg ha™! y1) soil erosion
respectively. In the same line, Wilken et al. (2017) recently showed,
using an event-based multi-class sediment transport model, that the
higher the suspended sediment concentration the lower is the ERgoc
with values around 1 when suspended sediment concentration was
above the threshold of 30 g L. Therefore, under high rainfall intensity
in a period when seeded, or spontaneous, temporary CC are not fully
stablished, erosion does not show preferences in the eroded SOC.
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5. Conclusions

Temporary cover crops are key to increase total SOC and fractions of
different protection levels in woody orchards, such as olive groves. The
higher total (+46 %), unprotected (+88.4 %) and protected (+28.5 %)
SOC contents in the top -5 cm- soil layer under six year of CC highlights
the effectiveness of this agricultural management practice to sequester C
in the topsoil of permanent crops.

Temporary cover crops were also an effective strategy to reduce the
sediment yield although in the year of our experiment, annual rates were
still above the tolerable rate of soil loss for croplands due to concen-
tration of rainfall events during the key months of implementation of the
seeded cover crops. The average retention within the agroecosystem of
73.1 kg Corg ha™ yr~! with the presence of the temporary cover crops, as
compared to bare soil, during this rainy hydrological cycle season in-
dicates the relative importance of considering eroded SOC in C budgets
and C footprint analysis in olive groves. The presence of the temporary
cover crops in this olive grove did not result in preferential loss of a
particular Cog fraction as enrichment ratios of protected and non-
protected Corg did not differ significantly between managements and
from 1.

The fact that a great percentage (>70 %) of the annual sediment
yield was eroded in one month (December) with high El3y but little
vegetation ground cover limited the effectiveness of this management in
reducing the sediment yield and in increasing Cog retention. In addition,
this asynchrony between the periods of full development of the CC
plants and those with the highest rainfall erosivity prevented any
selectiveness of the eroded Corg. Thus, more efforts should be paid on
searching for CC plant species of fast-growing short life-cycle that
emerge early in fall to maximize soil retention and species with self-
seeding capacity on undisturbed soil, eliminating soil preparation for
sowing and protecting soil surface with plant residues from the previous
season.
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