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A natural source of nitrogen (N) is needed to increase soil fertility in traditional olive orchards and to
maintain the N nutritional status of olive trees. With this aim, we studied the introduction of legume cover
crops in two olive orchards, which were converted into mulches and left on the ground as phytomass
after they had been cut. The experiments were carried out in Sucdes and Qta do Carrascal, NE Portugal,
from October 2009 to January 2012. In Sugdes, the ground-cover treatments were lupine (Lupinus albus

Keywords: L.), a mixture of 11 self-reseeding annual legume species, natural vegetation fertilized with 60 kg N hm—2
Soil N dynamic . o . . ) .

In situ incubation and natural vegetation not fertilized. The treatments imposed in Qta do Carrascal were lupine, hairy
Capped tubes vetch (Vicia villosa Roth.), a mixture of 11 self-reseeding annual legumes and natural vegetation. Soil N
Olea europaea availability in the year following the establishment of the mulches was monitored by an in situ incubation
Hairy vetch technique. Olive yields and tree nutritional status were also measured. A peak of net N mineralization
White lupine was recorded early in the autumn in the plots where the legume cover crops had been grown in the

last season, in comparison with the natural vegetation plot. In the next spring, soil N availability was
negligible even in the plots previously cropped with legume species. The effect of the legume cover crops
on soil inorganic-N availability seems to have been slight and short-lived taking into account the high
amounts of N contained in the mulched phytomass. The effect of legume cover crops on olive yield and
leaf N concentration was statistically significant only in few occasions. The results of these experiments
recommended some caution in the management of pure legume cover crops as a mulch in olive orchards
due to the reduced transfer of N from legumes to olive trees.

© 2013 Elsevier B.V. All rights reserved.

N and the environmental issues have been pressing for the devel-
opment of more sustainable farming systems with less reliance on
synthetic-N fertilizers.

A reduction in the use of expensive off-farm inputs is of partic-
ular importance in marginal agricultural lands, such as the rainfed

1. Introduction

Nitrogen is the most frequently deficient nutrient in non-
legume cropping systems (Havlin et al., 2005). The dynamic of N
in the soil-plant system often does not allow its accumulation in

the soils in forms readily usable by plants. This requires that N has
to be applied every growing season to supplement the lack of nat-
urally available N in soils. The high crop response usually observed
after N application has encouraged an excessive use of N-fertilizers
in agriculture, reducing N use efficiency and causing diverse envi-
ronmental problems (Raun and Schepers, 2008). The high price of
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olive orchards of the Mediterranean basin, having a weak response
to external inputs and low returns. Nevertheless, a source of N is
always needed, either mineral or organic, without which there will
be no proper crop growth and yield. Commercial organic fertilizers
are not a solution that could be used widely. Their availability in
the market is limited and their prices are high in comparison to
their agronomic value (Rodrigues et al., 2006). Farmyard manures
and other agricultural and livestock wastes are important fertilizer
resources that can fully or partially balance the lack of N in agricul-
tural soils. However, due to the specialization of the agricultural
and livestock activities, occurring mainly in the twentieth century,
there is a great distance between the sources of organic waste and
the soils where they could be recycled. There are nowadays huge
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environmental problems in regions of intensive livestock produc-
tion caused by an excessive use of animal waste as a fertilizer
(Burton, 2009; Centner, 2011), and, on the other hand, large areas
of agriculture where there are not any significant available on-farm
sources of organic matter to apply to the soil. In the latter case, a
natural source of N must be sought. Legume species, for instance,
are able to fix atmospheric N, meeting their own needs and trans-
ferring N to a non-legume crop after their N-rich tissues have been
mineralized (De Varennes et al., 2007; Russelle, 2008). Legume
species can be grown either as main crops in rotation and/or as
cover crops or green manures in annual and perennial tree crops.

Organic N sources, such as manures or green manures, are more
difficult to manage than the inorganic-N fertilizers, since it is very
difficult to predict when their N will become available in the soil.
The mineralization of the organic substrates depends on their com-
position, the C:N ratio in particular (Paul and Clark, 1996; Havlin
et al., 2005), and on the environmental conditions affecting micro-
bial activity, such as temperature (Jenkinson and Ayanaba, 1977;
Gaiser et al., 1994) and soil moisture (Stanford and Epstein, 1974),
making the process unpredictable. It may be, for example, that
the N release from the organic residues is not coincident with the
periods of active nutrient uptake by the non-legume crops. Further-
more, in particular situations, the environmental damage of using
these organic residues can be of similar concern as that associated
with the use of synthetic-N fertilizers (Beegle et al., 2008; Sims and
Stehouwer, 2008).

Insituincubation methods have been used in the past to monitor
N flows in soils under field conditions. They can provide infor-
mation about the time and rate in which N becomes available
in the soil, determining its agronomic and environmental value.
The buried polyethylene bag (Eno, 1960; Monaco et al., 2010) and
capped PVC or metallic tubes (Raison et al., 1987; Subler et al.,
1995; Duran et al., 2012) methods have been the most widely
used. Many others, however, have interesting features. An incu-
bation technique using ion exchange resins below intact soil cores
for adsorbing inorganic-N leached from the core was used by Di
Stefano and Gholz (1986) and Wienhold (2007). Hatch et al. (1990)
and Bhogal et al. (1999) incubated soil cores in the field in sealed
containers with acetylene to inhibit nitrification and thereby mini-
mize losses of N through denitrification to better measure net rates
of mineralization. Rodrigues (2004) incubated soil cores collected
by PVC tubes in glass jars buried in the soil to simplify the sampling
process and increase the field replications. In general, the tech-
niques using undisturbed soil cores provide reliable quantitative
estimates of N transformations in the soil (Raison et al., 1987; Hook
and Burke, 1995).

In this study, several legume cover crops were grown in two
olive orchards in NE Portugal in an attempt to supply the N needs
for the trees. The legume species were cut in spring and left on
the ground as a mulch. This would avoid soil tilling and eliminate
the consequent damage of the olive tree roots. The dynamic of N
in the soil in the year after the establishment of the mulches was
monitored by using an in situ incubation technique. The effect of the
ground-cover treatments on olive yield and N nutritional status of
trees was also determined as an indirect measure of the transfer
of N from legumes to olive trees. It is expected that using all these
sources of information it will be possible to draw a reliable picture
of what happened in the soil when the legume cover crop residues
are left on the ground as a mulch.

2. Materials and methods
2.1. Site characterization

Two field experiments were carried out in Sucdes, Mirandela
(41° 29N, 7° 15’ W), and Qta do Carrascal, Vila Flor (41° 16N, 7°
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Fig. 1. Mean daily temperature and monthly precipitation from April 2010 to June
2011 recorded at a weather station located in Carrascal, Vila Flor.

5'W), in NE Portugal. The region benefits from a Mediterranean
type climate with average annual temperature and precipitation of
14.3°Cand 509 mm, respectively. Weather data recorded in Qta do
Carrascal during the experimental period are presented in Fig. 1.
The orchard of Sugdes was ~20 years old, the olive trees of cv.
Cobrancgosa and rainfed managed. The soil is a Leptosol derived
from schist, sandy loam (13.1% clay, 26.6% silt, 60.3% sand) textured,
pH (H,0) 4.1, organic carbon (C) 7.9 gkg~! and extractable phos-
phorus (P) and potassium (K) (Egner-Riehm)21.0 and 96.3 mg kg1,
respectively. In the years before the establishment of the exper-
iment, the farmer used to control the weeds through an annual
application of a glyphosate-based herbicide, usually applied in May.
The farmer also used to apply the fertilizers beneath the trees’
canopy at rates equivalent to 60 kg N, P,Os and KO hm~2and 15 gB
per tree. Shortly before the trial started 1500 kg hm~2 of lime (88%
CaCOs and 5% MgCO3) and 250 kg hm=2 of superphosphate (18%
P,05) were applied. The orchard of Qta do Carrascal was ~15 years
old and the olive trees of cv. Negrinha de Freixo. It is drip-irrigated
and organically managed. The soil is also a Leptosol derived from
schist. The texture is sandy loam (11.8% clay, 32.0% silt, 56.2% sand),
pH (H,0) 5.7, organic C 8.3 gkg~! and extractable P and K 33.2 and
41.5mgkg~1, respectively. In the years before the establishment of
the experiment, the farmer used to control the weeds by tillage.
The fertilization regime usually used by the farmer consisted of the
application of a small amount of on-farm compost, supplemented
by one or two applications per year of foliar sprays or soluble fertil-
izers in irrigation water. After the trial started, no fertilizers were
added to the trees.

2.2. Experimental layout and orchard management

In each olive orchard four different ground-cover treatments
were imposed. In each orchard there were delimited four plots of
0.4 and 0.6 hm~2, respectively in Sucdes and Carrascal. The treat-
ments laid out in the Sug¢des orchard were: lupine; a mixture of 11
pasture legumes (Ornithopus compressus L. cv. Charano; O. sativus
Brot. cvs. Erica and Margurita; Trifolium subterraneum L. ssp subter-
raneum Katzn. and Morley cvs. Dalkeith, Seaton Park, Denmark and
Nungarin; T. resupinatum L. ssp resupinatum Gib and Belli cv. Pro-
lific; T. incarnatum L. cv. Contea; T. michelianum Savi cv. Frontier;
and Biserrula pelecinus L. cv. Mauro); natural vegetation fertilized
with 60kg Nhm~2 (ammonium nitrate, 20.5% N, spread evenly
throughout the plot area with a centrifugal seeder); and natural
vegetation left unfertilized. The treatments applied in the Carras-
cal experiment were: lupine, a mixture of 11 pasture legumes (the
same of Sucdes); hairy vetch; and natural vegetation not fertil-
ized. The legume cover crops were sown in October 14th, 2009.
Lupine and hairy vetch were respectively seeded at rates of 180
and 30kgseed hm~2. The mixture of the legume pasture species
was sown at a rate of an 11th of that recommended for each indi-
vidual species if it was seeded alone in pure culture. The sowing
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was done manually and the seeds of lupine and vetch incorporated
in the soil by a cultivator, and the pasture legume species by aroller.
In May 2010 the biomass of all the cover crops was destroyed with
a rotary slasher and left on the ground as a mulch.

2.3. Nitrogen recovery and C:N ratio of cover crop residues

Total dry mater (DM) yields of legume cover crops were
determined from samples of 1 m? and four replications per ground-
cover treatment. Subsamples of the phytomass were weighed,
oven-dried at 70°C, dry-weighed and ground. Carbon (C) and N
concentrations in dried tissue samples were determined. Organic
C was determined by the loss ignition technique, involving ash-
ing a dry sample (105°C) in a muffle furnace at 450°C, (i.e.
heating until the organic matter is burned away). Organic C
(%)=(W105 —W450)/W105 x 0.58 (Jones, 2001). Tissue N concen-
tration was determined by a Kjeldahl method (Walinga et al., 1989)
in a Velk Scientifica UDK 152 distillation and titration unit. DM
yields and N concentrations allowed the estimation of crop N recov-
eries, Cand N concentrations and the C:N ratios of the crop residues.

2.4. In situ soil incubation

The incubation technique consisted of burying metallic tubes
(15cm long and 6.3 cm internal diameter) by hammering them
directly into the ground. The tubes have a sharp bevel to make
the insertion in these shallow and hard soils easier, maintaining
the bulk density of the incubating soil cores and a minimum soil
disturbance. After the tubes had been buried, they were covered
at the ground level with a piece of clay tile slightly larger than the
circumference of the tube. The tile prevents the entry of rainwa-
ter inside the tubes and also the direct incidence of sunlight on
the edge of metal that would modify the temperature regime of
the incubating soil cores and the consequent disturbance to soil
biological activity. The tile prevents also the growth of herbaceous
vegetation inside the tube. At the end of each incubation period, the
incubating soil cores were collected and the tubes inserted again
in the ground. At the same time, fresh soil samples (not incubated)
were also collected close to the place where the tubes were left fora
new incubation period. The technique allows a sequential analysis
of the soil N dynamic, in particular the estimation of net N min-
eralization, by comparing the inorganic-N levels in the incubated
(time, t) and not incubated (time, t_1 ) soil samples. Six replications
per treatment were used in a total of 48 tubes in the two orchards.

All the soil samples, incubated and not incubated, were placed
in a cooler as soon as possible after collection, and taken to the
laboratory where they were stored frozen until analysis. The sam-
ples were field-moist sieved (6-mm mesh) and nitrate-N and
ammonium-N were extracted with potassium chloride (KCI). To
prepare the extracts, 20 g of soil were shaken with 40 ml 2M KCl
for an hour and filtered through a Watman #42 filter paper. Nitrate
and ammonium concentrations in the extracts were determined by
UV-vis spectrophotometry. The moisture content of the soil sam-
ples was also determined by drying at 105 °C to express the results
on a dry soil basis.

2.5. Olive yield and nitrogen nutritional status of trees

The olive yields were recorded from eight and ten similar trees
per treatment, respectively in the experiments of Suc¢des and Car-
rascal. In Sucgdes, the trees were harvested for three consecutive
years, in the autumns of 2009, 2010 and 2011. The harvest of 2009
represents the year zero, since it was performed at the beginning of
the experiment, before the effects of the treatments had manifested
themselves. In the Carrascal experiment it was not possible to har-
vest in the autumn of 2009. The olive yields were recorded only

Table 1
Dry matter yield (DMY), N recovery, carbon and nitrogen concentration in above-
ground cover crop tissues and C:Nratios in the olive orchards of Su¢des and Carrascal.

Treatment DMY N recovery C(gkg') N(gkg') CN
(Mghm~2) (kghm~2)

Sugdes

Lupine 8.2a? 194.6 a 555.5a 238a 233
Pasture legs  6.4b 119.2b 545.9 ab 17.1b 31.9
Nat veg +N 11c¢ 239c¢ 538.0b 20.8 ab 259
Nat veg —N 0.7 ¢ 7.1d 5419Db 104 c 52.1
Carrascal

Lupine 6.9a 1385a 552.8 a 20.1b 27.5
Pasturelegs 5.6a 1053 a 529.3b 19.0b 27.9
Hairy vetch 59a 155.7 a 530.2b 26.0a 204
Nat veg —N 1.1b 114a 531.1b 10.0c 53.1

2 Means followed by the same letter in columns, and for each orchard, are not
different by Tukey HSD test (o =0.05).

in the autumns of 2010 and 2011. The harvest in Sucdes was per-
formed by a trunk shaker head which detaches the olives which are
collected by an associated inverted umbrella system. In Carrascal,
the olives were harvested with a portable branch shaker. The device
pulls the fruits down which were recovered in a sheet spread on the
floor. In the Carrascal experiment the trunk circumference of the
trees was also measured at the beginning (October 2009) and at the
end (October 2011) of the experimental period. The circumference
of the trunk was measured at 40 cm above ground.

N concentration in olive fruit parts (pulp and pit) was deter-
mined from the olive samples of the harvest of 2010. Samples
of 50 olives were weighed green, and divided into pulp and pit.
The pulp was removed from pit and part of it was used green for
nutrient determination since the fat of the fruits does not allow
them to be ground. The water content was determined thereafter
in the remaining pulp to express the results on a DM basis. The pits
were oven-dried at 70 °C, hammered and ground (Rodrigues et al.,
2012). Nitrogen concentration was determined as described above
for legume cover crop residues.

The N nutritional status of olive trees was monitored by leaf
analysis. Leaf samples were collected by the standard procedure
(Freeman et al., 2005) on five dates, January and July 2010, January
and July 2011 and January 2012. The leaf samples were oven-dried
at 70°C and ground. Leaf N concentration was determined by a
Kjeldahl method as described above.

2.6. Statistical analysis

Data analysis was carried out using JMP software. A com-
pletely randomized design with a single factor (soil management)
was used to compare the population means (Ott and Longnecker,
2001). We assume that there is little variability associated with soil
fertility and trees. After ANOVA examination, the means with sig-
nificant differences (P<0.05) were separated by the Tukey HSD test
(@=0.05).

3. Results

Dry matter yields of cover crops legumes ranged from 5.6
to 8.2 Mghm~2 between legume species and 0.7-1.1 Mghm~2 in
natural vegetation plots even in the fertilized one (Table 1). N recov-
ered by the legume cover crops reached 194.6 and 110.2 kghm~2,
respectively in lupine and pasture legume plots of the Sucdes
experiment, whereas unfertilized natural vegetation recovered
only 7.1kgNhm~2. In Carrascal, lupine, pasture legumes, hairy
vetch and natural vegetation recoveries, were respectively, 138.5,
105.3, 155.7 and 11.4kgNhm~2. C concentrations varied signifi-
cantly among cover crops. In Su¢des the lowest and the highest
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Fig. 2. Soil inorganic N in (a) fresh, (b) incubated soil samples and (c) net N miner-
alized (inorganic-N in incubated samples at time t; - inorganic-N in fresh samples
in time t_;) from May 2010 to May 2011 in the Sugdes olive orchard following the
cover crop treatments. The line segments represent the mean confidence intervals
(0e=0.05).

values were 538.0 and 555.5gkg™!, respectively for Nat veg +N
and lupine plots. In Carrascal, C concentrations varied from 529.3 to
552.8 gkg~! for pasture legume and lupine plots. In Sucaes, N con-
centrations varied from 10.4 to 23.8 gkg~1, respectively in natural
vegetation and lupine plant tissues. In Carrascal, the higher tissue N
concentrations were found for vetch (26.0 gkg=1). The higher C:N
ratios were found in unfertilized natural vegetation (~52-53) and
the lower values in vetch tissues (20.4). The natural vegetation fer-
tilized with N in the Sucdes experiment showed a C:N ratio (25.9)
similar to that found in the legume cover crops (20.4-31.9).

The analysis of fresh soil samples of the incubation trial of
Sucdes revealed a small peak of inorganic-N in the soil in June
2010 in the plots previously cropped with lupine (Fig. 2a). The
soil inorganic-N levels in the fresh soil samples continued to rise
until the early autumn, in particular in the lupine plot. Thereafter,
the soil inorganic-N levels dropped until the early winter. In the
autumn, the highest values were recorded in the lupine plot while
in winter and early spring they were found in the pasture legume
plot. The natural vegetation plot almost always registered the lower
inorganic-N levels in fresh soil samples. Soil inorganic-N levels in
incubated soil samples followed the same general pattern observed
in the fresh samples (Fig. 2b). A high peak of soil inorganic-N was
observed in autumn, in particular in the lupine plot. However, con-
trary to what was observed in fresh soil samples, the inorganic-N
levels persisted high throughout the autumn. In winter and spring,
the values from the lupine and pasture legume plots were only
slightly higher than those observed in the natural vegetation plot.
Total net N mineralization from the lupine plot was the highest in
comparison to the other treatments due to the peak observed in
autumn (Fig. 2c). The natural vegetation plot registered the low-
est values. At the end of the season, the total net N mineralized
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Fig. 3. Soil inorganic N in (a) fresh, (b) incubated soil samples and (c) net N miner-
alized (inorganic-N in incubated samples at time t; - inorganic-N in fresh samples
in time t_;) from May 2010 to May 2011 in the Carrascal olive orchard following the
cover crop treatments. The line segments represent the mean confidence intervals
(0e=0.05).

in the lupine and pasture legume plots amounted, respectively, to
45 and 16 mg kg~! more than the values recorded from the natural
vegetation plot.

The fresh soil samples of Carrascal showed a peak of inorganic-
N in the autumn mainly from the plots of hairy vetch and lupine
and another peak in May led by the samples collected from lupine
and pasture legume plots (Fig. 3a). Data from incubated soil sam-
ples peaked at three times, in spring and autumn 2010 and spring
2011 (Fig. 3b). The values of inorganic-N from incubated samples
were usually higher than those from fresh samples. Inorganic-
N levels in the natural vegetation plot were usually lower than
those found in the other soil management treatments. Total net
N mineralized during the entire growing season amounted to
38.8, 32.8 and 21.6 mgkg~! more than the values recorded from
the natural vegetation plot, respectively in hairy vetch, lupine
and pasture legumes plots (Fig. 3c). These values represent the
contribution of the legume residues to the net balance of the
mineralization-immobilization process.

From the fresh soil samples it was observed that the contribution
of nitrate-N form to total inorganic-N was almost twice that of the
contribution of ammonium-N form (data not shown). In the Sucdes
experiment, the fraction of NH; — N form represented 36.7% of the
total inorganic-N considering all sampling dates, and in Carrascal
this value averaged 35.6%. A peak in inorganic-N form was usually
due to a proportional increment in the nitrate-N and ammonium-N
forms. In the incubated soil samples the pattern of the contribution
of NO3-N and NHI — N to inorganic-N was similar to that found in
the fresh soil samples (data not shown).

In the experiment of Sucdes, the olive yields in the year zero
(2009) were not statistically different between the ground-cover
treatments (Table 2) due to the previous selection of the size of
the olive trees. In the first year after the legume cover crops had
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Table 2
Olive yields in three consecutive harvests in the Sugdes olive orchard and accumu-
lated olive yields, as the sum of the second and third harvests (2010+2011).

Table 5
Nitrogen concentration in olive leaves at five sampling dates as a function of the
cover crop treatments, for the two orchards studied.

Treatment 24 Nov, 2009 24 Nov, 2010 17 Nov, 2011 Accumulated
(kgtree 1) (kgtree—1) (kgtree=1) (kgtree=1)

Lupine 13.0a2 20.8 ab 143 a 35.1a

Pasturelegs 14.0a 231a 16.0 a 39.1a

Nat veg +N 133a 19.9 ab 156a 355a

Natveg —-N  129a 176b 125a 30.1a

3 Means followed by the same letter in columns are not different by Tukey HSD
test (¢ =0.05).

Table 3

Olive yields in two consecutive harvests in the Carrascal olive orchard, accumu-
lated olive yields as the sum of the two harvests (2010 +2011) and increase in trunk
circumference between October 2009 and October 2011.

Treatment 03 Dec, 2010 30 Nov, 2011 Accumulated A Trunk
(kg tree 1) (kgtree 1) (kgtree 1) (cm)
Lupine 18.5a? 19a 204 a 42a
Pasture legs 14.1a 26a 16.7 a 4.1a
Vetch 16.1a 2.7a 188 a 42a
Nat veg 129a 19a 148 a 38a

2 Means followed by the same letter in columns are not different by Tukey HSD
test («=0.05).

been established (2010) the means presented significant differ-
ences. The olive trees of the Nat veg —N plot produced the lowest
values. The results of 2011 and the accumulated (2010 +2011) olive
yields, revealed also lower values for the natural vegetation plot in
comparison to the cultivated ones but the differences did not have
statistical significance.

In the Carrascal experiment the results of the two available har-
vests showed that the mean olive yields of the natural vegetation
plot were slightly lower than those of the other ground-cover treat-
ments (Table 3), but not statistically different. The sums of the olive
yields of the two harvests were 20.4, 16.7, 18.8 and 14.8 kg tree!
respectively in lupine, pasture legumes, hairy vetch and natural
vegetation plots. The increase in trunk circumference during the
experimental period was also the lowest in the trees of the nat-
ural vegetation plot with a value of 3.8 cm, whereas in the hairy
vetch and lupine plots, it was 4.2 cm. However, the means were
not statistically different.

In the experiment of Sucdes, N concentration in olive pulp varied
from 5.8 gkg~! in lupine plot to 4.8 gkg~! in Nat veg —N plot, while
N concentration in the pit varied from 4.8 to 3.1 gkg !, respectively
in Pasture legumes and Nat veg —N plots (Table 4). In Carrascal, N
concentration in pulp varied from 5.6 to 4.1kkg~! in Nat veg +N
and Nat veg —N plots and in pit varied from 6.2 to 5.2 gkg~! in Nat
veg +N and Nat veg —N plots. The means were statistically different
for N concentration in pit in Su¢des and for N concentration in pulp
in Carrascal.

The ground-cover treatments had an effect often statistically
significant on leaf N concentration of olive trees (Table 5). The
unfertilized natural vegetation plot usually showed significant

Table 4
Nitrogen concentration in the pulp and pit of olive fruits in the harvest of November
2010.

Sugdes Pulp Pit Carrascal Pulp Pit
(gkg™’)  (gkg™") (gkg™")  (gkg™")
Lupine 5.8a? 46a Lupine 5.0 ab 53a
Pasture legs 5.5a 4.8 a Annual legs 4.5b 6.0a
Nat vet +N 51a 4.0 ab Vetch 56a 6.2a
Natveg —-N  4.8a 3.1b Nat veg 41b 52a

2 Means followed by the same letter in columns are not different by Tukey HSD
test (¢ =0.05).

Jan2010  Jul2010  Jan2011  Jul2011  Jan 2012
(gkg™)

Sugdes
Lupine 14.9 a2 16.4 ab 144 a 123a 13.5ab
Pasture legs 15.1a 16.7 a 14.7 a 12.0 ab 13.8a
Nat veg +N 148 a 16.7 a 149a 119ab 125b
Nat veg —N 145a 16.1b 146a 113b 11.1c
Carrascal
Lupine 14.7 a 13.8a 14.2 ab 125a 13.1a
Pasture legs 13.9b 12.2b 13.7b 12.7a 142 a
Vetch 149a 138a 158a 129a 13.2a
Nat veg 139b 12.1b 135b 108 b 129a

2 Means followed by the same letter in columns, and for each orchard, are not
different by Tukey HSD test (o=0.05).

lower leaf N concentrations than the other treatments. The trees
of the pasture legumes plot of the Carrascal experiment also
often showed significant lower leaf N concentrations than that
of the other legume cover crops. The trees of the plot receiving
60kgNha~! (Nat Veg +N) in the Su¢des experiment showed leaf N
concentrations not very dissimilar to that of the legume cover crop
plots. Leaf N concentrations for all plots and sampling dates ranged
from 10.8 to 16.7gkg1.

4. Discussion

From fresh and incubated soil samples a small peak in organic-
N was observed in June 2010, shortly after the cutting of the cover
crops, and an important peak early in the autumn following the
first rains. In the fresh soil samples, the soil inorganic-N levels
decreased thereafter throughout the autumn, likely due to N uptake
by weeds germinating following the first autumn rains, N uptake
by olive trees and nitrate leaching. In incubated soil samples the
inorganic-N levels persisted high during the autumn. Whether N is
mineralized or immobilized greatly depends on the C:N ratio of the
organic residues being decomposed (Havlin et al., 2005; Rodrigues
et al,, 2006). The residues of the legume cover crops used in this
experiment presented C:N ratios between 20.4 and 31.9 (Table 1).
Within this range of C:N ratio some equilibrium between mineral-
ization and immobilization in the short-term would be expected
(Paul and Clark, 1996; Havlin et al., 2005; Beegle et al., 2008).
However, in this study, in particular in the Sucdes experiment, it
seems that net N mineralization had occurred over the short-term
at appreciable rates (Fig. 2c).

In spring, the inorganic-N levels in the fresh soil samples of
the Sucdes experiment were low. In this situation one might think
that weeds and olive trees have taken up the inorganic-N that
was forming. However, the inorganic-N levels were also low in
the incubated soil samples. Additionally, the soil inorganic-N levels
in the plots of the legume species were not significantly differ-
ent to those observed in the control plots. This suggests that
the mineralization—-immobilization turnover was balanced at that
time, the net N mineralization being close to a nil value. Probably
the organic substrate added to the soil from the residues of the
cover crops would have been exhausted.

Total net N mineralized in the plots of the legume cover crops
(Figs. 2c and 3c) was low in comparison to that expected taking
into account the great amounts of N that were recovered in the
phytomass of the legume cover crops. This may be due to NHj3
volatilization from N-rich legume cover crop residues. The decom-
position of organic residues in the soil surface is usually associated
with great NH3 volatilization losses (Janzen and McGinn, 1991;
Robinson and Polglase, 2000; Francis et al., 2008). In this particular
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study, it seems that the inorganic-N appearing in the soil was the
result of the mineralization of the roots of the legume species.
Most of N of the aerial phytomass probably never entered the soil.

N released from cover crop residues had a slight but nevertheless
positive effect on the olive yields and on tree crop growth. The trees
of the unfertilized natural vegetation plot showed lower yields in
comparison to the trees of the legume cover crops and also low
trunk circumference increase in the trial of Carrascal. This slight
beneficial effect of the legume cover crops on the performance of
the trees was corroborated by the results of N concentration in the
fruit and also in the leaves. A more prominent effect was, how-
ever, expected given the amount of N in aerial biomass of legume
cover crops. The lower performance than the one expected from
olive trees benefiting from legume mulches may be due to: low
soil inorganic-N availability; and a weak and slow response of olive
trees to soil available N (Fernandez-Escobar et al., 2009; Rodrigues
etal., 2011).

Comparing the different legume cover crops’ abilities to release
N into the soil, no major differences were found. However, from
data obtained from the incubation technique and from the per-
formance of the trees, it seems that the pasture legume residues
released less N in the short-term, but the effect lasted longer. The
main reason might be less N recovered in the first growing season
and higher C:N ratio in their tissues. It is necessary to note that
lupine and hairy vetch were grown for only one season, while pas-
ture legumes included a mixture of species that self-reseeded in the
following autumn for a second growing season. This would have a
significant impact on the trees through a higher competition for
soil resources (water and nutrients) in the spring, and also due to a
continued increase in soil fertility due to the N fixed in the second
growing season.

The N applied as fertilizer in Sugdes had an unexpectedly low
effect on N nutritional status of trees and olive yield. Before the
trial started, the farmer used to apply the fertilizers beneath the
tree canopy. In this experiment, the N fertilizer was spread across
the ground. Probably this form of fertilizer application increased
the fraction of N taken up by weeds and thereby reducing N use
efficiency by olive trees. As far as we know, this aspect has not
previously been studied in olive orchards, but farmers apply the
fertilizers below the tree canopy, where the root density is expected
to be higher, to promote the nutrient use efficiency (Arrobas and
Moutinho-Pereira, 2009).

The in situ incubation technique provided a good explanation on
what was happening in the soil. The protection of soil cores from
leaching and plant uptake and also the maintenance of similar con-
ditions for microbial activity within and outside the tubes (Raison
etal., 1987; Hook and Burke, 1995) are important aspects providing
reliability to this methodology.

5. Conclusions

The legume cover crops increased the inorganic-N in the soil and
consequently the N nutritional status of the trees and olive yields
in comparison to the natural vegetation which was not fertilized.
However, the effect on soil available N was slight and short-lived,
taking into account the amount of N present in the phytomass when
the mulches were established. The reduced efficiency of N from the
phytomass in promoting olive yield and tree N nutritional status
might be due to: (i) a great peak of net N mineralization early in the
autumn which creates the conditions for N losses through leaching
and denitrification due to the following autumn and winter rains
and (ii) greatlosses of N through NH3 volatilization from the legume
residues left on the ground as a mulch.

To use legume cover crops in a sustainable way in perennial
tree crops, other forms of residue management should be sought. It
seems that there is a need to balance the C:N ratio of the phytomass

to reduce the peak of mineralization in the autumn, possibly by
using mixtures of legume and non-legume species as cover crops.
In addition, mulching seems a very inefficient form of managing N-
rich cover crop residues. If a farmer is interested in using green
manures to increase the soil fertility of his orchards, he should
incorporate the biomass in the soil. However, to incorporate the
residues, the farmer needs to till the soil which can damage the
root system of the trees. A balanced approach would be the incor-
poration of the residues with a shallow tillage.
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