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Abstract Cover cropping is a major challenge in the

sustainable management of rainfed olive orchards.

From a 5 year study (2009–2014), the effect of a

mixture of early-maturing and self-reseeding annual

legumes (Legs) grown as a cover crop in a rainfed

olive orchard was compared with a cover of natural

vegetation fertilized with 60 kg nitrogen (N) ha-1

year-1 (NV ?N), and a cover of natural vegetation not

fertilized (NV -N). The study took place in NE

Portugal. The following were assessed: (1) the

performance of the covers by measuring ground cover

percentages, dry matter yields and N content in

aboveground biomass; (2) the soil fertility through

chemical and microbiological assays and by growing

plants in pot experiments; and (3) the nutritional status

of olive trees and olive yields. Legumes gave higher

ground-cover percentages, produced more biomass

and accumulated more N in shoots in comparison to

natural vegetation, whether fertilized or not. The

results showed intense biological activity [microbial

carbon (C) and N, CO2–C evolved in a laboratory

incubation, metabolic quotient, total culturable fungi

and bacteria, and acid phosphatase activity] in the

0–10 cm soil layer of the treatments producing more

biomass (Legs and NV ?N). However, soil available

N was greater in soil samples from the Legs plot. N

recoveries by turnip (Brassica rapa var. rapa L.) and

rye (Secale cereale L.) grown in pot experiments were

84.4 and 60.2 mg pot-1 in soil samples from the Legs

treatment and 29.4 and 27.1 mg pot-1 and 14.2 and

13.6 mg pot-1, respectively in NV ?N and NV -N

plots. Sown legumes appeared less effective in

increasing organic C than natural vegetation. Never-

theless, in the Legs plot the increase of easily

mineralizable C was proportionally higher than the

increase of total organic C, which may mean that a

more reactive pool of organic C is created, which may

reduce the turnover of organic C and N in the soil. In

the 10–20 cm soil layer, total organic C was signif-

icantly lower in Legs (14.0 g kg-1) than in NV -N

(22.1 g kg-1) and N ?NV (25.2 g kg-1) treatments,

likely due to a priming effect caused by mineral N

coming from the surface layer. Two years after the

trial started, the N nutritional status of the olive trees

was significantly higher in Legs than in natural

vegetation plots even when 60 kg N ha-1 year-1

was applied. The cumulative olive yields in NV -N

and NV ?N plots were only 58.6 and 77.7 % in
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comparison to those found in the Legs plot, if only the

last four harvests were considered, which were those

influenced by the ground-cover treatments

(2010–2013).

Keywords Cover cropping � Annual legumes � Olea
europaea � Soil available nitrogen � Soil microbial

activity � Olive nutrition

Introduction

Olive farming is the main economic activity in several

areas of the region known locally as ‘‘the warm land’’

in NE Portugal. For most of the smallholdings that

dominate the region, olives are the only cash crop.

Olive farming is an important source of self-employ-

ment, and thus the main activity mitigating the

depopulation of these lands. The sector also involves

several ‘weekend’ part-time farmers growing small

areas of olives, but which is nevertheless important to

supplement their household income.

In NE Portugal, olive growing covers 75,000 ha

and involves approximately 36,000 producers (INE

2013). Most of the olive plantations are currently

rainfed, a situation that will certainly persist into the

future (Monteiro 2007; Rodrigues 2009). It is there-

fore not expected that the sector will evolve into the

high-density and irrigated orchards, as has occurred in

the flat lands in the south of the country. Water

resources are scarce, since the main watercourses are

embedded in deep canyons which make it difficult to

use water in agriculture. In addition, the landscape is

dominated by a mosaic of small and widely scattered

plots of olive trees which cannot be electrified, a

requirement to pump the irrigation water.

In such marginal conditions for olive growing,

mainly due to the lack of irrigation and low natural soil

fertility, local experts and policymakers advocate less

intensive agricultural systems, such as organic farm-

ing. In these agricultural systems, farmers’ income

should be based on achieving quality products of high

market value and less on higher yields (Monteiro

2007). However, in low-input production systems,

such as organic farming where Haber–Bosch N is not

allowed, it is very difficult to maintain the trees in a

good N nutritional status. Regarding the warm land of

NE Portugal, the region has suffered a hyper-

specialization in olive cultivation, meaning that

nowadays farms have no farmyard manure to fertilize

their crops. Commercial organic amendments are also

scarce, typically have low N use efficiency and are

very expensive, particularly when allowed for organic

farming (Rodrigues et al. 2006). Thus, to overcome

these problems, a natural source of N must be sought.

Cover cropping with legume species may provide the

opportunity.

Nodulated legumes are able to access atmospheric

di-nitrogen (N2), through the establishment of a

symbiotic relationship with fixing bacteria (Cooper

and Scherer 2012), allowing them to grow well even in

low fertility soils (Rodrigues et al. 2013). Several

studies have shown that the N fixed by legumes can be

transferred to companion crops (Hardarson and Atkins

2003; Pirhofer-Walzl et al. 2012) or others that follow

them in the rotation (Zotarelli et al. 2012; Monday

et al. 2013). Perennial tree and shrub crops can also

benefit from fixed N by legume cover crops, as

demonstrated by Snoeck et al. (2000) from a study in a

coffee tree plantation.

Although few farmers have yet adopted cover

cropping strategies to manage their orchards, the issue

has drawn the attention of the scientific community. In

many countries of the Mediterranean basin a remark-

able effort has been made to demonstrate the impor-

tance of reducing soil tillage in olive orchards,

particularly in shallow and sloping soils. The man-

agement of natural or sown vegetation has been

recommended since cover cropping is an effective

way to reduce soil erosion and the loss of nutrients

through runoff (Martı́nez et al. 2006; Gómez et al.

2009; Kairis et al. 2013), the main threat to the

sustainability of production systems on steep slopes.

Cover crops are also an important means of increasing

soil organic matter (Mauromicale et al. 2010; Monta-

naro et al. 2010; Ferreira et al. 2013), also promoting

many other physical, chemical and biological proper-

ties of soils (Moreno et al. 2009; Ramos et al. 2010,

2011). In the Mediterranean environment, self-reseed-

ing annual legumes have been suggested as the most

desirable species for cover cropping (Driouech et al.

2008; Mauromicale et al. 2010). They can fix N and

persist over the years in the cover without mechanical

reseeding, which may reduce costs (Arrobas et al.

2011).

This study consisted of the introduction of a

mixture of several early-maturing and self-reseeding
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annual legumes as a cover crop in a rainfed olive

orchard. The effect of the legume cover crop was

compared to a cover of natural vegetation fertilized

with 60 kg N ha-1 year-1 and an unfertilized cover

of natural vegetation, in a study carried out from

September 2009 to June 2014. The study had three

main objectives: (1) to evaluate the performance of the

legumes as a cover crop, in comparison to the other

treatments, by measuring ground-cover percentages,

dry matter yields and N recoveries in above-ground

biomass; (2) to evaluate the effect of the cover crops

on soil fertility, by determining soil organic C, total N,

easily mineralizable N fractions, soil microbiology

and microbial activity, and N recovery in pot grown

plants; and (3) to assess the nutritional status of the

olive trees and olive yields.

We hypothesized that: (1) the legume cover crop

can produce more biomass and accumulate more N in

the aboveground biomass than the covers of natural

vegetation, even in the treatment fertilized with N, due

to the access of atmospheric N2 by the legume species;

(2) the covers of annual legumes can increase the soil

microbial activity and the soil available N, by

releasing a N-rich organic residue into the soil; and

(3) the legume cover crops can replace the application

of 60 kg N ha-1 year-1 as a fertilizer in maintaining

the N nutritional status of the trees and the olive yields.

Materials and methods

Site and orchard characterization

The field trial was carried out in Mirandela (41.49N;

7.26W; 350 m asl), NE Portugal, from September

2009 to June 2014. The region benefits from a

Mediterranean climate. Mean annual precipitation

and temperature are respectively 508.6 mm and

14.3 �C. The plot where the orchard is planted has a

slope of *2 %. The soil is a Leptosol sandy loam

textured originating from a bed-rock of schist. The soil

analyses performed before the establishment of the

trial revealed a soil with low organic matter (Walkley–

Black) content (13.6 g kg-1), pH (soil:water, 1:2.5)

4.1, and with low and high levels of extractable

(Egner–Riehm) phosphorus (21.0 mg kg-1) and

potassium (96.3 mg kg-1), respectively.

The olive (Olea europaea L.) orchard is managed

without irrigation and the trees of the cultivar

Cobrançosa are planted 7 9 7 m apart. The trees

were 20 years old when the trial started. Before the

application of the groundcover treatments, 1500 kg/ha

of lime (88 % CaCO3 and 5 % MgCO3) and 250 kg/ha

of superphosphate (18 % P2O5) were applied, based

on literature demonstrating the benefits of increasing

soil pH and available P in terms of growth and N

fixation by annual legumes (Cooper and Scherer

2012).

Ground management and experimental design

After a long period of soil management by tillage since

the orchard was planted, the farmer changed the

system to the use of herbicides. Since 2006, the farmer

controlled the weeds by using glyphosate in a single

application in mid-spring. In the early spring of 2009,

the native vegetation was dominated by annual plants

adapted to low fertility soils, which produce their

seeds very early in the season, such as Mibora minima,

Spergula arvensis and Rumex acetosella. Beneath the

canopy, benefiting from a higher fertility soil, there

were species of high nitrophily, such as Lolium

rigidum and Stellaria media.

The orchard selected for this experiment is a

homogeneous plot regarding slope and general soil

characteristics. It was divided into nine experimental

plots of 490 m2 each to receive in three replications

the following groundcover treatments: natural vege-

tation fertilized with 60 kg N ha-1 year-1 (NV ?N),

the fertilizer being broadcasted over the entire area of

the plot; natural vegetation not fertilized (NV -N);

and a cover crop consisting of a mixture of eleven self-

reseeding annual legume species and cultivars (Legs).

The mixture was composed of 11 annual pasture

legumes (Ornithopus compressus L. cv. Charano;

Ornithopus sativus Brot. cvs. Erica and Margurita;

Trifolium subterraneum L. ssp subterraneum Katzn.

and Morley cvs. Dalkeith, Seaton Park, Denmark and

Nungarin; Trifolium resupinatum L. ssp resupinatum

Gib and Belli cv. Prolific; Trifolium incarnatum L. cv.

Contea; Trifolium michelianum Savi cv. Frontier; and

Biserrula pelecinus L. cv. Mauro). The mixture of the

legume species was sown at a rate of one 11th of that

recommended for each individual species if it had

been seeded alone in pure culture. In each plot three

trees with similar canopy sizes were selected and

marked for assessing plant nutritional status and olive

yields. After the trial had started the vegetation of all
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the plots was mechanically managed. When most

seeds of legumes reached physiological maturity the

vegetation was destroyed with a rotary slasher and left

on the ground as a mulch.

Cover crops performance

The degree of ground cover by the vegetation was

assessed by the pin-point method during four growing

seasons from February 2010 to May 2014. In a pin-

point analysis, a frame with a fixed grid pattern is

placed randomly above the vegetation and a pin is

inserted vertically through the grid points into the

vegetation as described by Damgaard et al. (2011).

The types of hits recorded were sown legumes, natural

vegetation and bare soil.

In mid-spring, close to the maximum growth of the

vegetation, the above-ground biomass was cut for dry

mater yield and elemental composition evaluation.

Random samples of vegetation defined by a square

grid of 0.25 m2 were collected in four replications per

treatment. Tissue analysis was performed by Kjeldahl

(N), colorimetry (boron and phosphorus), flame emis-

sion spectrometry (potassium) and atomic absorption

spectrophotometry (calcium, magnesium, copper,

iron, zinc and manganese) methods (Walinga et al.

1989).

Soil sampling and laboratory analyses

Six composite soil samples of *10 kg per treatment

and depth (0–10 and 10–20 cm) were collected in

October 2013, 4 years after the beginning of the field

experiment to reflect the cumulative effect of the

ground cover treatments on soil fertility. The soil was

collected from a vertical wall of holes of 20 cm

opened in the ground with a hoe. Each composite

sample was prepared from soil of five holes. Approx-

imately 90 % of each sample was air dried after it had

been collected and thereafter sieved to pass through a

grid of 2 mm. Dried and sieved soil was used in soil

organic carbon and soil available nitrogen determina-

tions and in pot experiments. The remaining *10 %

of the sample was frozen until used in the soil

microbiology and microbial activity essays.

Several laboratory analyses were performed to

assess the soil C and the potentially available N.

Briefly, total organic carbon (TOC) was determined by

dry combustion which consisted of the mass difference

of 1 g oven-dried sample at 100 �C and heated in a

furnace at 400 �C for 6 h. Walkley–Black Carbon

(WBC), an easily oxidizable fraction of TOC, was

obtained after a wet digest in an acid dichromate

solution followed by back titration of the remaining

dichromate with ferrous ammonium-sulfate and

phenanthroline as the color indicator. Kjeldahl-N

was determined after the digestion of 1.0 g of soil

with H2SO4 and selenium as the catalytic agent in a

heated (400 �C) aluminum digestion block. After

cooling, the suspension was distilled with alkali, and

the NH4-N in the digest was titrated with hydrochloric

acid in a Kjeldahl Auto 1030 Analyzer.

Indices of easily mineralizable-N were also deter-

mined. The methodologies followed were essentially

the same as those reported by Rodrigues et al.

(2010b). Hot KCl extractable NH4-N (HotKCl) was

determined by heating (100 �C) 5.0 g of soil and

200 mL of 2M KCl for 4 h in a digestion block. After

cooling, the extract was filtered through Whatman No

42. This procedure was repeated cold (ColdKCl).

Nitrate and ammonium concentrations in the extracts

were analyzed in an UV–VIS spectrophotometer

Varian Cary 50. The UV absorbance of NaHCO3

extracts (NaHCO3) were prepared by shaking 2.5 g

soil with 0.01 mol L-1 NaHCO3 for 15 min in

125-mL Erlenmeyer flasks. The suspension was

filtered through a Whatman No 42 paper. The UV

absorbance of the extracts was measured at 205 and

260 nm wavelengths.

Essays of soil microbiology and microbial activity

were also performed. Microbial analyses were per-

formed in six replications for each ground-cover

treatment and soil depth. Soil microbial biomass C

(Mic-C) and N (Mic-N) were determined on fresh soil

samples, using the chloroform fumigation–extraction

method (Vance et al. 1987), after 24 h of conditioning

at 25 �C and 60 % water holding capacity (WHC).

Organic C and total soluble N were determined by near

infrared detection (NIRD) and by chemiluminescence

detection after combustion at 850 �C in an elemental

analyzer (Formac, Skalar). The Mic-C and Mic-N

were calculated using a KEC factor of 0.33 (Vance

et al. 1987) and KEN factor of 0.54 (Brookes et al.

1985), respectively. All results are expressed on an

oven-dry (105 �C) weight basis.

Soil basal respiration was measured during 7 days

laboratory incubation, as described by Pereira et al.

(2011). Briefly, moist sample (50 g) adjusted to 60 %
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WHC was placed in a 1.5 L glass jar with a plastic vial

containing 40 mL NaOH (1 M) solution. After incu-

bation at 25 �C for 1, 3 and 7 days, BaCl2 (1.5 M)

solution was added into plastic vial, and then titrated

with 0.24 M HCl. The jars without soil served as the

controls. Soil respiration was calculated as the accu-

mulative CO2-C released from the soil. The metabolic

quotient (qCO2) was calculated as the ratio of

respiration (mg C-CO2 mg-1 d-1) to Mic-C.

Total counts of heterotrophic bacteria and total

fungi in soil samples were determined by plating serial

dilutions on agar media. Total heterotrophic bacteria

were enumerated on the Plate count agar (PCA,

Liofilchem, Italy) supplemented with cycloheximide

(1 mg/mL, Sigma-Aldrich, Milan, Italy) to suppress

fungal growth and incubated at 30 �C for 2 days.

Fungal counts were determined using Rose Bengal

Agar medium (RBA, Liofilchem, Italy) and the plates

incubated at 25 �C for 5 days. After incubation the

colonies were counted as colony forming unit (cfu).

Results were expressed as log cfu g-1 of dry soil.

The acid phosphatase activity was determined by

measuring p-nitrophenol released from 1 g of soil

after incubation with 0.25 ml toluene, 4 ml MVB

(Modified Universal Buffer) adjusted at pH 6.5 and

1 ml p-nitrophenylphosphate at 37 �C for 1 h (Ta-

batabai and Bremner 1969).

Nitrogen recovery in pot grown plants

Nitrogen recovery in plants grown in pots is usually

referred to as a good indicator of soil available N. In

these essays there were used dried soil samples from

six sources: three ground-cover treatments (Legs, NV

?N, NV -N); and two soil depths (0–10 and

10–20 cm). The experimental design also included

six replicates of each soil. Turnip (Brassica rapa var.

rapa L.) and rye (Secale cereale L.), two species with

high nitrophily, were used in this experiment. Turnip,

with a short growing cycle, gave an indication of N

release in the short-term. Rye, with a longer growing

cycle, provided information on N release in the long-

term. The pots were filled with 2 kg dry soil. Ten seeds

of each species were sown on October 22nd 2013,

being thinned to up to five plants per pot after

emergence. The pots were placed in a greenhouse,

regularly irrigated with distilled water and plants cut

when growth ceased due to exhaustion of the available

nutrients. Turnip was cut on January 20th 2014, and

rye on March 12th. The biomass was oven-dried at

70 �C, weighed and ground before elemental analysis.

Tree nutritional status and olive yield

Twice a year, during the winter resting period and in

summer during July at endocarp sclerification, leaf

samples were taken to assess the nutritional status of

the olive trees. Young mature leaves were collected

from the middle of nonbearing, current season, shoots

of the four quadrants around the tree canopy. The

samples were then oven-dried at 70 �C and ground.

Elemental analyses for several macro and micronutri-

ents were performed using appropriate laboratory

methods (see ‘‘Cover crops performance’’ section).

The olive yields were recorded in five consecutive

harvests from November 2009 to November 2013. The

trees were harvested by a trunk shaker head which

detaches the olives which are collected by an associ-

ated inverted umbrella system. The crops were

thereafter weighed per individual tree.

After fruit harvesting, random samples of 100 fruits

per tree were weighed. Thereafter, random subsamples

of 20 fruits were ginned and oven-dried to determine

the pulp-to-pit ratio. Thereafter, these subsamples

were ground and subjected to elemental analyses.

Data analysis

Data analysis was carried out using JMP statistical

software. Comparisons among ground-cover treat-

ments were provided by ANOVA. Means with signif-

icant differences (a\ 0.05) were separated by Tukey

HSD test (a = 0.05). A correlation analysis was

established between the soil organic matter and

extractable P with acid phosphate activity. Mean

confidence limits were also applied to the data

presented graphically to allow easy viewing and

comparison among treatments.

Results

Performance of the ground covers

Figure 1 was prepared from data collected in the

winter/spring season of 2014. Data from the previous

growing seasons, 2010–2013, showed similar patterns

(data not shown). In the sown legumes plots, the
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legume component showed dominance in the cover

from the winter, reaching more than 90 % of ground

cover in mid-spring (Fig. 1a). Apart from this, the

non-legume component declined during the growing

season as the legume component increased, and bare

soil hardly existed. In the natural vegetation plots,

fertilized or not, the legume component was residual

(Fig. 1b, c). In NV ?N plots, the ground cover

percentage increased over the winter/spring season

reaching values always higher than 90 % and bare soil

decreased proportionally (Fig. 1b). The pattern

observed in the NV -N plots was similar to that of

NV ?N plots but the ground cover percentage in the

middle of spring was usually below 80 % and

uncovered soil usually above 20 % (Fig. 1c).

In the Legs plots the dry matter (DM) yield reached

its maximum earlier than in the NV ?N plots, due to

the species dominating the cover (Fig. 2a). DM yield

in the Legs plots was higher than in the NV ?N plots,

reaching a value close to 4 t ha-1. Maximum DM yield

in the NV -N plots was very low and did not increase

from mid-winter. As the growing season progresses, N

concentration in plant tissues usually decreases, with

the ageing process of plant tissues. This was found in

Legs and NV -N plots. However, maximum N

concentration in above-ground biomass in the NV

?N plot was found in early April as a response of the

vegetation to previous fertilizer-N applications. N

content in above-ground biomass reached values close

to 90, 40 and 10 kg N ha-1, respectively in Legs, NV

?N and NV -N plots. The peak of N content in

biomass in the Legs plot was found early in the

growing season in comparison to the NV ?N plots,

due to the early-maturing nature of the species and

cultivars used in the seed mixture. Data from the

growing seasons of 2010–2013 showed similar
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patterns (data not shown) compared to those presented

in Fig. 2.

Chemical indices of soil fertility

Total organic carbon (TOC), Walkley–Black carbon

(WBC), total (Kjeldahl) N (Kjeldahl-N) and C/N ratio

are usually seen as major predictors of soil available

N. Four years of different ground management

systems produced significant differences in the levels

of C and N in the soil (Table 1). In the 0–10 cm soil

layer, TOC was significantly higher in NV ?N plots

(31.0 g kg-1) in comparison to NV -N plots

(25.9 g kg-1). WBC was significantly lower in NV

-N plots than in NV ?N and Legs plots. Kjeldahl-N

was significantly higher in Legs than in NV ?N and

NV -N plots in the 0–10 cm soil layer. The lowest

TOC/N ratio was found in the 0–10 cm soil layer of

the legs plots, while the highest value was found in the

10–20 cm layer of the NV-N plot. The 0–10 cm soil

layer showed lower TOC/N and higher WBC/N ratios

in comparison to the 10–20 cm soil layer.

The UV absorbance of NaHCO3 extracts was not

statistically different among soil samples from the

different groundcover treatments and soil depths

(Table 2). The samples subjected to hot and cold

KCl extractions released significantly different

amounts of inorganic N according to the treatment

and depth. The samples from the 0–10 cm soil layer

subjected to hot KCl extraction, for instance, released

31.5, 22.7 and 20.2 mg kg-1 respectively if they came

from the Legs, NV ?N and NV -N plots.

Soil microbiology and microbial activity

The numbers of culturable heterotrophic bacteria and

fungi significantly differed among ground-cover treat-

ments (Table 3). Average soil bacteria population was

significantly higher in Legs (7.20 log cfu g-1) and

NV ?N (7.05 log cfu g-1) plots in comparison to NV

-N plots (6.74 log cfu g-1). Average soil fungi

population was also significantly lower in NV -N

plots in comparison to Legs and NV ?N plots.

Microbial-C was significantly higher in Legs plots

(569.9 mg kg-1) in comparison to NV ?N

(494.8 mg kg-1) and NV -N (421.3 mg kg-1) plots

in the 0–10 cm soil layer (Table 3). The CO2-C

evolved during 7 days incubation followed the pattern

of Mic-C. In the 10–20 cm layer the highest Mic-N

values were found in NV ?N plots, whereas the

highest values of the cumulative CO2-C evolved were

found in Legs plots. Mic-N differed greatly between

the two layers of soil, but within each layer no

significant differences were found among treatments.

The metabolic quotient (qCO2), expresses the CO2-C

evolved per unit of microbial biomass and time

increased significantly with depth in all plots.

The acid phosphatase activity was higher in the top

soil (0–10 cm) than in the deeper layer (10–20 cm)

(Fig. 3a). In the NV -N treatment the acid phos-

phatase activity was lower at both depths in compar-

ison with Legs and NV ?N treatments. There was

observed a positive correlation between acid phos-

phatase activity and soil organic matter (Fig. 3b).

There were also found other positive correlations

Table 1 Total organic carbon (TOC), Walkley–Black carbon (WBC), Kjeldahl N and C/N ratios from soil samples collected at 0–10

and 10–20 cm depths in October 2013 4 years after the establishment of the ground-cover treatments (Legs, NV ?N, NV -N)

TOC WBC Kjeldahl-N TOC/N WBC/N

g kg-1

Legs

0–10 cm 27.3 ab� 13.8 a 1.7 a 16.6 8.4

10–20 cm 19.0 d 4.0 d 0.7 e 26.4 5.7

NV ?N

0–10 cm 31.0 a 13.4 a 1.6 b 20.0 8.7

10–20 cm 25.2 bc 5.0 c 1.0 d 25.5 5.1

NV -N

0–10 cm 25.9 b 7.8 b 1.3 c 19.8 6.0

10–20 cm 22.1 cd 4.2 cd 0.8 d 29.1 5.6

� Means followed by the same letter in columns are not statistically different by Tukey HSD test (a = 0.05)
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between acid phosphatase activity and soil extracted P

by Olsen (Fig. 3c) and Egner–Riehm (Fig. 3d) meth-

ods, but with lower coefficients of correlation.

Nitrogen recovery in pot grown plants

Turnip and rye grew better in soil sampled from Legs

plots than from NV ?N and particularly from NV -N

plots (Table 4). Mean turnip DM yields were 3.44,

1.37 and 0.64 g/pot, respectively in soil sampled from

Legs, NV ?N and NV -N treatments. Mean rye DM

yields were respectively for the same treatments 4.46,

2.14 and 1.27 g/pot. Significant differences were also

found in N concentration in plant tissues. The highest

values were found in the soil samples taken from the

Legs plots. Mean N recoveries by turnip grown in soils

from 0 to 10 cm layer were 84.4, 29.4 and 14.7 mg/

pot, respectively in Legs, NV ?N and NV -N plots.

The respective values of rye were 60.2, 27.1 and

13.6 g/pot. The performance of plant growth in soil

sampled from the 10–20 cm soil layer was worse in

Table 2 UV absorbance of NaHCO3 extracts and inorganic-N

fractions released from hot and cold KCl solutions from soil

samples collected at 0–10 and 10–20 cm depths in October

2013 4 years after the establishment of the ground-cover

treatments (Legs, NV ?N, NV -N)

NaHCO3 HotKCl (NH4
?-N) ColdKCl (NH4

?-N) ColdKCl (NO3
--N) ColdKCl (mineral-N)

abs mg kg-1

Legs

0–10 cm 0.934 a� 31.5 a 22.4 a 9.3 a 31.7 a

10–20 cm 0.995 a 15.8 c 6.4 c 7.3 b 13.7 c

NV ?N

0–10 cm 0.867 a 22.7 b 13.1 b 5.9 c 19.0 b

10–20 cm 0.846 a 16.4 c 7.1 c 5.9 c 13.0 c

NV -N

0–10 cm 0.862 a 20.2 bc 11.0 bc 4.7 c 15.8 bc

10–20 cm 0.931 a 17.7 bc 8.9 bc 5.4 c 14.3 bc

� Means followed by the same letter in columns are not statistically different by Tukey HSD test (a = 0.05)

Table 3 Bacteria and fungi counts, expressed as log cfu

(colony forming unit) g-1 dry soil, microbial carbon (Mic-C),

microbial nitrogen (Mic-N), cumulative CO2-C evolved

(RCO2-C) during a 7 days incubation and metabolic quotient

(qCO2) from soil samples collected at 0–10 and 10–20 cm in

October 2013 4 years after the establishment of the ground-

cover treatments (Legs, NV ?N, NV -N)

Bacteria

(log cfu g-1)

Fungi

(log cfu g-1)

Mic-C

(mg kg-1)

Mic-N

(mg kg-1)

RCO2-C

(mg kg-1)

qCO2

(mg CO2-C mg-1

Mic-C d-1)

Legs

0–10 cm 7.20 a� 5.30 a 569.9 a� 26.7 a 162.7 a 0.18 bc

10–20 cm nd nd 281.5 e 18.0 b 141.1 b 0.36 a

N V ?N

0–10 cm 7.05 ab 5.33 a 494.8 b 28.8 a 123.7 c 0.14 cd

10–20 cm nd nd 324.5 d 17.7 b 123.3 c 0.25 ab

NV -N

0–10 cm 6.74 b 4.77 b 421.3 c 24.6 a 73.2 d 0.11 d

10–20 cm nd nd 222.7 f 15.4 b 80.0 d 0.35 a

nd not determined
� Means followed by the same letter in columns are not statistically different by Tukey HSD test (a = 0.05)
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comparison to that observed in soil sampled from the

0–10 cm layer. However, the best results regarding

DM yield, tissue N concentration and N recovery were

found in the Legs plots.

Tree nutritional status and olive yield

From January 2010 to July 2011 no significant

differences in leaf N concentrations were found in
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Fig. 3 Acid phosphatase

activity (a) and relationships

between soil organic matter

(b), Olsen-P (c) and Egner–

Riehm-P (d) and acid

phosphate activity from soil

samples collected in

October 2013 4 years after

the establishment of the

ground-cover treatments

(Legs, NV ?N, NV -N).

Error bars are the mean

confidence limits

(a = 0.05)

Table 4 Turnip and rye dry matter (DM) yields, tissue N concentrations and N recoveries in the pot experiments from soil sampled

at 0–10 and 10–20 cm layers in October 2013 4 years after the establishment of the ground-cover treatments (Legs, NV ?N, NV -N)

Turnip Rye

DM (g/pot) N conc (g kg-1) N rec (mg/pot) DM (g/pot) N conc (g kg-1) N rec (mg/pot)

Legs

0–10 cm 3.44 a� 24.5 a 84.4 a 4.46 a 13.4 a 60.2 a

10–20 cm 0.38 d 2.3 c 0.9 d 0.95 d 8.2 d 7.8 d

NV ?N

0–10 cm 1.37 b 21.5 b 29.4 b 2.14 b 12.8 b 27.1 b

10–20 cm 0.31 d 2.2 c 0.7 e 0.69 e 5.7 e 3.9 e

NV -N

0–10 cm 0.64 c 22.2 b 14.2 c 1.27 c 10.6 c 13.6 c

10–20 cm 0.18 e 1.3 d 0.2 f 0.74 e 2.6 f 1.9 f

� Means followed by the same letter in columns are not statistically different by Tukey HSD test (a = 0.05)
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the olive trees of the different treatments (Fig. 4).

From January 2012, the trees of the Legs plots usually

presented higher leaf N concentrations than the trees

of the NV ?N plots and these trees presented

significantly higher Leaf N concentrations than those

of the NV -N plots. Regarding the other macro- and

also micro-nutrients, no consistent significant differ-

ences in leaf nutrient concentrations were found

among the three groundcover treatments (data not

shown).

The mass of the pulp of 100 olives was signifi-

cantly higher in fruits from the NV -N plots than

from those of the Legs plots (Table 5). Similarly, the

pulp/pit ratio was also higher in olives from NV -N

plots than from those from Legs plots. However, N

concentration in pulp and pit followed the trend

observed in olive leaves, i.e., the higher values were

found in olives from the Legs plots. The concentra-

tion of the other nutrients in pulp and pit was not

statistically different among the groundcover treat-

ments (data not shown).

The cumulative olive yields in the five harvests of

the experiment were 85.1, 68.6 and 54.6 kg/tree,

respectively in Legs, NV ?N and NV -N treatments

(Fig. 5). In the second harvest (2010), little over a

year after the establishment of the groundcover

treatments, olive yields became significantly higher

in Legs plots in comparison to NV -N plots. From

the fourth harvest, the olive yields were significant

higher in Legs plots in comparison to NV ?N plots.

At the end of the experiment, the trees subjected to

the Legs treatment produced significantly more than

the trees subjected to NV ?N treatment and these

produced significantly more than those of the NV -N

treatment.

Discussion

The sown legumes had a good establishment and

achieved dominance in the cover from autumn to mid-

spring in every year. Bare soil was minimal in the Legs

plots. This aspect has great ecological significance

since living mulches are the best way to reduce soil

erosion (Martı́nez et al. 2006; Gómez et al. 2009;

Kairis et al. 2013). On the other hand, the peak of

growth in the vegetation occurred earlier in spring in

the Legs plots in comparison to the NV ?N plots. In

the NV ?N plot, the maximum ground-cover percent-

age was observed later in spring as a response to the N

applied as fertilizer. This may mean that in the Legs

plots there was a lesser overlap between the root

activities of the herbaceous and tree strata in the

spring, since the sown legumes were ending their life

cycle and the olive trees were returning to biological

activity after the resting period of winter. This aspect

should not be overlooked because of the possibility of

competition for water and nutrients between cover

crops and olive trees. The DM yield in the different

plots showed a similar pattern to that observed with

ground-cover percentage. In Legs plots, DM yield

reached the highest values among the ground-cover

treatments but the peaks occurred at mid-spring. In NV

?N plots the peaks of biomass occurred later in spring

at the expense of transpiration of water that would

otherwise have been taken up by the olive trees. Also

N concentration and N content in above-ground

biomass were higher in Legs plots than in NV ?N

plots and the maximum values occurred earlier in

spring. The legumes mixture was mostly composed of

early-maturing species and cultivars finishing their

growing cycles by mid-spring. The early senescence

and death of the legumes residues allow the beginning

of the decay process, favoured by the rains that often

fall in late spring, giving the opportunity for N uptake

by the olive trees.

TOC in the 0–10 cm soil layer was greater in the

NV ?N plots than in the Legs plots even if more

biomass had been produced in the latter. Contrarily,

easily mineralizable C (WBC) and Kjeldahl-N were

higher in the Legs plots. This may mean that in the

0–10 cm soil layer of the Legs plots more native

organic matter is being mineralized and more fresh

organic substrates are being deposited. Consequently,

it seems that a more reactive pool of organic matter is

being created, which in practice accelerates the
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turnovers of soil organic C and N. Inorganic N

extracted by salt solutions of hot and cold KCl

supports this thesis, i.e., in the upper soil layer of the

Legs plot the labile C fraction hydrolyzed by the salt

solution was higher in comparison to the other

treatments. However, the most surprising and unex-

pected result occurred in the 10–20 cm soil layer. The

Legs plots recorded the lowest TOC, WBC and

Kjeldahl-N values among all the ground-cover treat-

ments, although without significant differences for the

NV -N plots but with significant differences for NV

?N plots. It seems that few legume residues are

reaching the 10–20 cm soil layer, despite the higher

amounts of biomass produced in these plots. Or

alternatively, it even seems that organic C is disap-

pearing from the 10–20 cm layer likely due to the

increase of net mineralization enhanced by mineral N

coming from the soil surface. Phenomena like this,

where a stimulus of the mineralization of soil native

organic matter occurs due to the increased availability

of mineral N in soil, are known as priming or added N

interaction (Jenkinson et al. 1985; Schnier 1994).

There were found to exist high microbial popula-

tions (bacteria and fungi) in the plots producing more

above-ground biomass (Legs and NV ?N), as had

been found in previous studies (Moreno et al. 2009;

Sackett et al. 2010). However, no significant differ-

ences were found according to the nature of the

substrate (legumes or non-legumes). Varennes et al.

(2007) found significant differences in the number of

fungi developed in lupine residues in comparison with

oat residues, but not in the number of culturable

bacteria. The difference in culturable fungi was found

in the treatments where straw (both from lupine and

oats) was incorporated into the soil, presumably

because lupine tissues had more N and less lignin

and decomposed faster. When the residues were not

incorporated into the soil, no significant differences in

culturable fungi were found. According to Kumar and

Goh (2002), surface-applied residues decompose more

slowly due to smaller water content and decreased

access to soil microbes. In the present study, the plant

residues (legumes and natural vegetation) were left on

the ground, and the main available substrate for

microbial activity would be the biomass of roots,

which might differ less than the aerial plant parts in

their C/N ratio and lignin content. Microbial-C and

CO2-C evolved during 7 days incubation were signif-

icantly higher in the Legs than in the other plots in the

0–10 cm soil layer. These results seem to support the

thesis of the increased turnover of organic C and N in

Legs plots in the upper soil layer. Although there is

little organic-C, including Mic-C, in the 10–20 cm soil

layer of the Legs plots, it seems that a great amount of

C is lost, judging by the high values of CO2-C evolved

and high values of qCO2, which may also explain the

low values of TOC found in this layer. Indeed, higher

qCO2 levels in the 10–20 cm soil layer indicated

decreased substrate use efficiency and lower rates of

conversion of total C into microbial C, as mentioned

Table 5 Pulp dry matter yield, pulp/pit ratio and nitrogen concentration in pulp and pit from fruits random selected in the harvest of

November 2013

Pulp DM (g/100 fruits) Pulp/pit ratio Pulp N conc (g kg-1) Pit N conc (g kg-1)

Legs 295.4 b� 1.74 5.14 a 3.74 a

VN ?N 309.6 ab 2.19 4.39 b 3.41 a

VN -N 320.2 a 2.34 4.04 c 2.68 b

� Means followed by the same letter in columns are not statistically different by Tukey HSD test (a = 0.05)
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by Agnelli et al. (2004) and Dinesh et al. (2012).

Anderson and Domsch (2010) suggested that a high

value of qCO2 reflects a high maintenance C demand

and, if the soil system cannot replenish the C which is

lost through respiration, microbial biomass must

decline.

The acid phosphatase activity was positively and

significantly related to soil organic matter. Soil

samples from the Legs and NV ?N plots showed

higher acid phosphatase activity than those from NV

-N plots. Some legume species are able to acclimate

to phosphorus (P) deficiency by forming proteoid roots

and other mechanisms, resulting in the mobilization of

sparingly soluble soil phosphate in the rhizosphere

(Uhde-Stone et al. 2003; Zhu et al. 2005; Tomasi et al.

2008; Wang et al. 2010), and, consequently, higher

acid phosphatase activity can be observed in the soil

(Le Bayon et al. 2006). Legumes with such mecha-

nisms of P mobilization can also have a positive effect

on P nutrition of a subsequent crop (Nuruzzaman et al.

2005, 2006; Eichler-Löbermann et al. 2009). In this

study, the presence of legume species in the cover did

not significantly increase the acid phosphatase activity

over the natural vegetation fertilized with N.

Pot experiments with growing plants are reliable

methods of assessing soil available nutrients (Eichler-

Löbermann et al. 2009; Rodrigues et al. 2010a;

Arrobas and Rodrigues 2013). The plants grown in

pots (turnip and rye) from soil samples of the 0–10 cm

layer of the Legs plots produced significantly more

biomass and recovered more N than those grown in

soil samples from the other ground-cover treatments.

The cover of the legumes mixture had created an

easily mineralizable organic pool releasing more N

than the other treatments. The soil samples from the

10–20 cm depth of the Legs plots also produced, in a

general way, higher DM yields and N recoveries than

the soil samples from the other treatments. Thus, in

spite of the loss of organic matter from this layer, the

amount of N released was currently higher than that

recorded from the other treatments, likely due to the

maintenance of a higher net mineralization rate.

The olive trees grown in the Legs plots showed

significantly higher leaf N concentrations than the

other treatments by January 2012, 2 years after the

establishment of the ground-cover treatments. It was

clear that N fixed by the annual legumes was

transferred to the olive trees. Although it was not

possible to quantify the amount annually transferred,

the effect on the N nutritional status of trees was higher

than the application of 60 kg N ha-1 in the NV ?N

plots. In a previous study, Snoeck et al. (2000) have

shown isotopic evidence of the transfer of N fixed by

legumes to coffee trees. From a study of Ovalle et al.

(2010) the amount of legume N estimated to be

recovered by cover cropped vine plants was similar to

the calculated contribution of 40 kg of fertilizer N

applied to vines. Abundant literature has also shown

the transfer of N from legumes to non-legume

intercropped species (Hardarson and Atkins 2003;

Pirhofer-Walzl et al. 2012) or to others following in

the crop rotation (Zotarelli et al. 2012; Monday et al.

2013). In this particular study, it seems that from mid-

spring, after the senescence of legumes, to the autumn,

until the establishment of the covers, the trees may

benefit from the N mineralized from legume residues.

Fruits also showed higher tissue N concentration in the

legume treatment. However, the pulp-to-pit ratio

decreased in these plots, likely due to the increase in

fruit number, which reduced the size of the individual

fruits.

The accumulated olive yields reached the highest

mean value in the Legs treatment due to the better N

nutritional status of olive trees. Cover cropping can

reduce olive yields due to competition for water

(Rodrigues et al. 2011; Gucci et al. 2012; Ferreira et al.

2013). However, in this experiment, the increase in soil

available N had the greatest value in olive yield, since the

cover was composed of early-maturing species and

cultivars with reduced competition for water.

Conclusions

The Legs plots showed high ground cover percentages

from very early in winter which increases soil

protection from erosion in the rainy season. In Legs

plots were found higher biomass yields and N contents

in shoots in comparison with NV ?N plots, but the

peaks were found much earlier in spring, which may

mean a reduced competition for resources with trees

late in spring when soil available water is scarcer.

In Legs plots, the increased biomass yield gave no

more organic C in the 0–10 cm soil layer in compar-

ison with the NV ?N plots. Thus, legumes appear to

be less effective in increasing organic C than non-

legume species. Nevertheless, in Legs plots the

increase of WBC was proportionally higher than the
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increase of TOC in comparison to the other treatments.

It seems that a more reactive pool of organic C is

created, which may reduce the turnover of Organic C

and N in the soil. In both Legs and NV ?N treatments

there was observed high soil biological activity

although soil available N was higher in the Legs

treatment which ultimately benefited the olive trees. In

Legs treatments there was observed a loss in total

organic C in the 10–20 cm soil layer, likely due to a

priming effect caused by mineral N coming from the

soil surface which contributed to the mineralization of

the native organic matter. This aspect must be

carefully analyzed in further studies, due to its

negative ecological implications.

By January 2012, 2 years after the start of the

experiment, N concentration in olive leaves was

significantly higher in Legs plots than in the other

treatments including in NV ?N. Thus, it can be

assumed that the effect of the annual legumes in the

olive trees’ nutrition was higher than the application of

60 kg N ha-1 year-1. The competition between the

annual legumes and the olive trees seems to have been

reduced due to the asynchrony between the biological

activities of herbaceous and tree strata. The olive trees

could access N fixed by legumes from mid-spring,

when legumes initiated senescence and the decay

process of their residues started, until late autumn

before the full establishment of legume covers. It was

the asynchrony in the biological cycles of olive trees

and legumes and the increase in soil available N that

gave the higher olive yields found in the Legs plots.
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