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ABSTRACT

Cork oak woodlands in Portugal are a
multipurpose agroforestry system occurring
in areas mostly degraded by former cereal
crops and overgrazing. The objective of this
study was to evaluate the effect of scattered
cork oak trees (Quercus suber L.) on soil
quality, considering two land use systems:
unmanaged pastures and improved pastures.
Soil samples were collected in a square grid
around scattered cork oak trees to evaluate
the spatial variability of soil bulk density and
chemical properties. In soil samples taken
beneath tree canopy and in the open, net N
mineralization was evaluated by aerobic in-
cubations. Also, laboratory incubations were
carried out to evaluate the effect of roots
(tree or/and herbaceous) and water solutions
(bulk precipitation, throughfall or stemflow)
on net N mineralization. Contents of organic
C, total N and extractable P were increased
beneath the tree canopy, and gradually de-
creased with the increase of distance to the
tree trunk. Improved pastures established 26
years ago increased organic C (0.76 kg m?),
total N (0.06 kg m?) and extractable P (2.70
g m?) amounts in the 0-10 cm soil layer be-
neath the tree canopy relatively to those of
unmanaged pastures. Net N mineralization
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was significantly greater (about 2 times) in
soils beneath the tree canopy than in those of
open areas. N mineralization was unaffected
by addition of throughfall or stemflow, whi-
le a significant reduction resulted from tree
roots addition, this effect being stronger for
herbaceous plant roots than for tree roots.
Maintenance of tree cover combined with
permanent improved pastures should be con-
sidered to improve soil quality in oak woo-
dlands of Southern Portugal.

Keywords: Agroforestry systems, legumes,
Mediterranean climate, soil quality.

RESUMO

O montado em Portugal corresponde a um
sistema multifuncional que ocorre em areas
frequentemente degradadas pelo cultivo de
cereais e de sobre pastoreio. O objectivo des-
te estudo foi avaliar a influéncia das arvores
espagadas na variagdo do C organico, N total
e P extraivel num montado (Quercus suber
L.) com pastagem melhorada (instalada ha
26 anos) e sujeito a gestdo intensiva e noutro
com a vegetagdo herbacea natural. Amostras
de solos foram colhidas numa quadricula em
torno de sobreiros espagados, sob a respecti-
va copa e fora da influéncia da mesma, para
avaliar a variabilidade espacial da massa
volumica e propriedades quimicas do solo.
Estudou-se a mineralizagdo liquida de N
através de incubagdes aerdbias. Também se
efectuaram incubagdes para avaliar o efeito
da precipitacdo interna (gotejo e escorrimen-
to pelo tronco) e das raizes das herbaceas e
das arvores na mineralizagao liquida de N.
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Os teores de C, N e P foram superiores no
solo da area sob a projeccdo vertical da copa
da arvore, observando-se o seu decréscimo
com o aumento da distancia ao tronco da
mesma. A instalagdo de pastagem melhorada
determinou um aumento das quantidades de C
organico (0.76 kg m?), N total (0.06 kg m?)
e P extraivel (2.70 g m?) sob a arvore (0-10
cm) comparativamente a area com vegetacao
herbacea natural. A mineralizagdo liquida de
N foi significativamente superior (cerca de 2
vezes) na area sob a copa da arvore do que
naquela fora da influéncia desta. A adi¢do de
gotejo ndo influenciou a mineralizagdo liqui-
da do N, enquanto as raizes, tanto das arvores
como sobretudo da vegetacao herbacea, con-
tribuiram para o seu decréscimo. Com vista
a melhorar a qualidade do solo e o sequestro
de carbono, devera ser equacionada a manu-
tengdo das arvores associada a sistemas de
gestao adequados a sustentabilidade do ecos-
sistema, que poderdo passar pela instalagdo
de pastagens melhoradas.

Palavras-chave: Clima mediterraneo, legu-
minosas, mineralizagdo de N, sistemas agro-
florestais.

INTRODUCTION

In Portugal, cork oak and holm oak woo-
dlands mostly occur in dry sub-humid to se-
mi-arid areas and they occupy about 11x10?
ha (IFN, 2006). Most oak woodlands occur
in an agroforestry system which is charac-
terised by the combination of an open tree
cover with an understorey of grassland, ce-
real crops or Mediterranean shrubs. In most
of the oak woodlands occur natural pastures,
which have been extensively used for lives-
tock rearing, with minimum management
and productivity. Improved sown permanent
pastures (that is, mixture of legumes and
grasses) have been installed at low extent,
aiming mostly to increase the stocking rate.

Tree cover is scattered, with a tree densi-
ty generally lower than 80 trees per hectare
(DGF, 2001), and these areas are characteri-

sed by a savannah-like physiognomy (Joffre
et al., 1999). The long-term sustainability of
these ecosystems may be further threatened
by the regional effects of global warming,
which are predicted to result in increases in
the length, severity and frequency of summer
droughts in Mediterranean regions (Miranda
et al., 2002). In similar systems, scattered
trees lead to a great spatial variation of soil
conditions (creating islands of greater ferti-
lity), enhancing soil organic matter and nu-
trient pools beneath their canopy (Dahlgren
et al., 1997; Young, 1997; Gallardo, 2000)
and improving soil structure (Joffre and
Rambal, 1988). Such favourable conditions
may also increase the biological activity in
the soil and improve N mineralization and
availability (Belsky et al., 1989).

Until the seventies of the last century, the
ground cover rotation of evergreen oak woo-
dlands was composed mostly of cereal crops,
fallow and natural pastures for livestock gra-
zing, which produced soils of low fertility,
compact and prone to erosion. Nowadays,
most of the woodlands areas are covered
by natural pastures extensively used for li-
vestock grazing. However, in certain cases
overgrazing is causing loss of pasture cover,
increase of soil compaction (Coelho et al.,
2004) and decrease of tree natural regenera-
tion, thus threatening their fragile sustaina-
bility. Therefore, establishment of manage-
ment systems that will improve soil quality
and contribute to long-term sustainability of
this agroforestry system is a crucial issue.
Installation of improved pastures, with high
proportion of legumes, may improve soil
properties and increase stocking rate in few
oak woodlands. These pastures may impro-
ve soil fertility and productivity, since they
enhance organic matter and N contents in the
soil (Haynes and Williams 1993; Rao et al.,
1994). However, this enhancement of soil N
status may cause soil acidification through
excessive N mineralization and nitrate lea-
ching during the rainy season (Bolan et al.,
1991; Haynes 1983). Nevertheless, these
effects may be reduced by the input of orga-
nic residues with high C/N ratio (such as tree
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root litter) which may affect soil N dynamics
(Corbeels et al., 2003). In addition, N dyna-
mics may be also affected by throughfall and
stemflow, richer in soluble organic compoun-
ds (Edmonds et al., 1991)

In this context, a study was carried out hy-
pothesising that scattering of oak trees could
determine differences on the soil C accumu-
lation and N dynamics and availability. For
this, a study was developed in a cork oak
woodland subjected to two different land use
(unmanaged pasture and long-term managed
improved pastures) to (i) assess the effect
of scattered trees on spatial variability of
soil bulk density and soil organic C, total N
and extractable P contents, and (ii) evaluate
the potential effects of fine roots (from trees
and/or herbaceous) and tree water solutions
(throughfall and stemflow) on soil net N mi-
neralization.

MATERIAL AND METHODS
Site description

The present study was carried out in the
“Herdade dos Esquerdos” located close to
Monforte (Alentejo region), Southern Portu-
gal (lat. 39° 07°- 39° 08’ N; long. 7° 29°-7°
30’ W; 314 m a.s.l.). The area has a Mediter-
ranean mesothermic dry sub-humid climate,
characterized by hot and dry summers. The
mean annual temperature is 15 °C and the
mean annual rainfall is 600-650 mm (INMG,
1991). The area is characterized by gently
undulated topography and predominant slo-
pe gradient is 5-8%. Soils are mostly Haplic
Leptosols (Dystric) and Epileptic Cambisols
(Dystric) (IUSS Working Group, 2006) deve-
loped over gneiss, with sandy loam texture,
low organic matter content and P status and
acidic.

The vegetation of the study area consists
in mature Quercus suber woodland (30-40
trees ha’l, average cover canopy of 35 %)
which was subjected to a rotation of cereal
crops, grazing (natural pastures) and fallow
until the 1970s. After abandonment of ce-

reals crops, the study area partially became
unmanaged woodland, with a natural cover
of a mixed understory of herbaceous plants
and spontaneous shrub patches, dominated
by Cistus spp. This system has been extensi-
vely used for sheep grazing, with a stocking
rate of about 0.9 sheep ha! yr'.

Improved sown permanent pastures (77i-
folium spp., Ornithopus spp., Lolium spp. as
dominant species) have been progressively
installed in the study area since 1973. They
have been subjected to intensive grazing by
sheeps (stocking rate between 5-8 sheep ha™!
yr! was achieved) and fertilized every year
with 200 kg ha' of superphosphate 18 %
P,O, until 2003. Since then this application
has been replaced by 300 kg ha' of natu-
ral rock phosphate (“fertigafsa”: 26.5 % of
P,0,, 35% of Ca0, 3.2% of SO, and 0.8% of
MgO). Due to the high stocking rate shrub
regeneration has been impeded.

Sampling

Sampling took place in two adjacent ma-
nagement system areas with similar geology,
soil type and texture (sandy loam), and ter-
rain morphology and slope: unmanaged cork
oak woodland with natural pastures (UN),
and managed cork woodland where impro-
ved pastures were installed 26 (M26) years
ago. We assumed that the two areas were
initially comparable in terms of soil fertili-
ty, although it was not possible to confirm
this assumption. In each management sys-
tem area, four circular plots (1256 m?), the
common plot design used in Portugal for oak
woodlands inventory studies (DGF, 2001),
were delimited and located at least 200 m
apart in order to ensure randomness and in-
dependency (Lima et al., 2006). In each plot
(which included at least 5-6 trees) a represen-
tative cork oak tree (similar crown diameter
and circumference at breast height) was se-
lected for sampling purposes.

The effect of tree canopy on spatial va-
riability regarding amounts of total organic
C, particulate organic matter fraction, total
N and extractable P content were evaluated
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in both management system areas. A square
grid (2m x 2m) was placed in the surroun-
ding of each selected tree in a circular area
covering 13 m of radius, corresponding to
about 200% of the crown radius, following
the methodology described by Gallardo et
al. (2000). Soil samples were collected in
this area, at intervals of 2 m. In each circu-
lar plot, a total of 72 samples were taken for
both 0-10 and 10-20 cm depth: 36 beneath
the tree canopy (BC) and 36 in the open
(OP). In each management system area, the
four samples localized in the same position
of each plot were combined in one composi-
te sample. To assess the variation of organic
C and N amounts with the distance to tree
trunk, 40 composite samples collected at ten
distances and four orientations (2, 4, 6, 8§,
10 and 12 m along the N, E, S and W axis;
and 2.8, 5.7, 8.5, 11.3 m along the NE, SE,
SW and NW axis) were selected per depth
and management system area. Samples were
air-dried and sieved (< 2 mm) for the deter-
mination of chemical properties (organic C,
particulate organic matter C, total N, and ex-
tractable P).

Soil bulk density was determined on un-
disturbed samples using the core method
(Blake and Hartge, 1986). Soil column cylin-
ders were taken (0-10 and 10-20 cm depth)
beneath the tree crown (2, 4, 6 m) and in the
open (8, 10 and 12 m) along the four main
orientations (N, S, W, E), cut and weighed
to determine the soil dry weight. Therefore,
around each selected tree in each sampling
plot, 12 samples by depth were taken both
beneath tree crown and in the open.

The mineral soil, fine roots (cork oak
tree and herbaceous species) and water so-

lutions (bulk precipitation, throughfall and
stemflow) to be used in aerobic incubations
were collected in the unmanaged woodland
area in May 2002, when plants showed hi-
gher quantity of fine roots. In each plot, soil
cores (0-5 ¢cm and 5-15, 65 mm diameter)
were collected beneath the tree canopy (50%
of radius canopy) and in the open area (150%
of radius canopy) along the four main orien-
tations (N, E, S and W), totalling four sam-
ples for each depth, which were combined to
give one composite sample. The field-moist
soil was sieved (< 4.75 mm) and stored at 4
°C for less than three days until to prior incu-
bation procedures. Sub-samples were sieved
(< 2 mm) and taken for analysis. The soil
showed low C/N ratio (11.7) and total and
mineral N (NH,"+ NO,") contents were 1.0 g
ke and 8.2 mg kg, respectively, being the
N-NH," the predominant form of mineral N
(62%).

For tree roots collection, a pit was open
(20 cm depth) close to the trunk of one se-
lected cork oak and fine roots were collec-
ted by hand. Herbaceous plants [Geranium
molle L., Ornithopus compressus L., Orni-
thopus pinnatus (Miller) Druce and Rumex
bucephalophorus L., Poa spp.] were pulled
out from the soil, and the first 5 cm of roots
were collected, washed with deionized water,
dried (40 °C) and cut into sections of 1 cm.
A sub-sample was taken for analysis. Sam-
ples of bulk precipitation, throughfall and
stemflow were collected in winter, during
a rainy period, and samples were stored at
—15 °C. A sub-sample was used for chemical
analysis (Table 1). Nutrients amounts in ste-
mflow, and to a lesser extent in throughfall,
were greater than in the bulk precipitation.

Table 1 - Values of pH and concentrations of dissolved organic C (DOC, mg L"), cations and anions (umol
L) in the bulk precipitation (BP), throughfall (TH) and stemflow (ST) solutions used in the aerobic incuba-

tions.
pH DOC NO;-N NH,-N PO,” Ca Mg Na K
BP 6.3 3.9 422 48.8 44 515 298 745 289
TH 63 152 873 864 150 223.1 122.0 1802 239.7
ST 75 478 1162  168.1 192 1859.1 463.0 3194 836.7
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Laboratory incubation treatments

In order to evaluate tree influence on soil
net N mineralization, sub-samples (100 g
fresh weight) of the 0-5 and 5-15 cm soil
layers from the open area were placed in plas-
tic containers (7.5 cm diameter, 5 cm height)
and subjected to seven different treatments,
each treatment replicated six times. The treat-
ments were applied in two experiments.

In the first, the effect of throughfall solu-
tion (TH) and stemflow solution (ST) on net
N mineralization, regarding the bulk preci-
pitation solution (BP), was assessed. In each
treatment 20 g mL of solutions were added to
each soil subsample, 60% of water holding
capacity was achieved.

In the other experiment the effect of tree
and herbaceous plant roots on net N minera-
lization was assessed. The treatments were:
(C) mineral soil without roots addition, (H)
addition of 1 g of herbaceous roots, (T) addi-
tion of 1 g of oak tree roots, (HT) addition of
both 0.5 g of herbaceous root and 0.5 g of tree
roots. To minimize the effect of small quan-
tity of soil substrate used in the incubation
and to stress differences between treatments,
the amount of root residues added was higher
than that founded in the field. The quantity of
water applied (20 mL) corresponded to 60%
of soil water holding capacity.

Laboratory procedures

The particulate organic matter fraction was
separated by a 50 mm sieve after dispersing
air-dried soil by shaking with K,SO, (10 g/
30 ml) for one hour. The organic C in both
the bulk samples (Corg) and the particulate
organic matter fraction (C,,,,) was determi-
ned by wet oxidation (De Leenheer and Van
Hove, 1958). Non-particulate organic frac-
tion was calculated as the difference between
C, oy and organic C. Total N was determined
using Kjeldhal digestion (Digestion System
40, Kjeltec Auto 1030 Analyzer). Extractable
P was extracted using the Egnér-Riehm me-
thod (Egnér et al., 1960) and determined by
the molybdate-blue method.

Aerobic laboratory incubation, in the dark,
was carried out during 8 weeks and net N mi-
neralization was evaluated periodically. Soil
samples (100 g fresh weight) were incubated
in plastic containers (7.5 cm diameter, 5 cm
height), at 30 °C and 60% of water holding
capacity. Plastic containers were covered
with parafilm to allow gas exchange and to
minimize evaporation initial soil moisture
content being weekly adjusted by adding
distilled water. Initially, and every two we-
eks, NO,-N and NH,"-N were extracted by
shaking 5 g of soil (soil: solution ratio 1:10)
for one hour in 2 M KCI and extracts were
filtered. Contents of NO,-N and NH,"-N in
extracts were determined by a segmented
flow autoanalyzer (Skalar, SANP System,
Breda), using the hydrazinium reduction and
the modified Berthelot method, respectively
(Houba et al., 1994). Soil moisture was me-
asured by drying a subsample at 105 °C to
constant weight. Net N mineralization was
calculated by difference between NO,-N
and NH,'-N at each incubation time and their
respective initial levels.

Statistical analysis

Differences in soil bulk density and C, N
and P contents, as dependent variables, be-
tween position (beneath canopy and open
area), management (unmanaged and impro-
ved pasture) and depth (0-10 and 10-20 cm),
as independent variables, were evaluated by
three-way ANOVAs. The effect of treatments
on cumulative net N mineralization was tes-
ted by one-way ANOVA. Differences betwe-
en treatments were tested using the Tukey
multiple range test. Statistical procedures
were performed using Statgraphics plus 5.1
(Manugistics Inc.).

RESULTS
Bulk density and C, N and P contents

Soil bulk density was significantly lower
beneath the tree canopy than in the open
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(Table 2). The position X management in-
teraction showed that differences between
beneath trees and the open were stronger in
improved pastures. Bulk density in the 0-10
cm soil layer was of the same magnitude in
unmanaged and improved pastures, while in
the 10-20 cm soil layer values were higher in
unmanaged than in managed pastures (inte-
raction management x depth).

In the 0-10 c¢m soil layer, amounts of orga-
nic C and total N decreased with the increase
of the distance to the tree trunk, in both un-
managed and 26 years old improved pastures
(Figure 1), but the gradient was greater in
the improved than in the unmanaged pasture.
The gradient in the 10-20 c¢m soil layer was
not affected by pasture management, and
was smaller than in the 0-10 c¢cm soil layer.

As observed for the gradient regarding the
distance to tree trunk, mean contents of orga-
nic C and total N were significantly greater
beneath canopy than in open areas (Table 2).
This increase was more pronounced in impro-

ved (1.6 and 1.4 times for organic C and N,
respectively) than in unmanaged pastures (1.3
and 1.2 times for C and N, respectively; inte-
raction position x management). Irrespective-
ly to the position, a significant increase was
also observed in improved pastures relatively
to unmanaged pastures. Contents significantly
decreased with soil depth (Table 2). Differen-
ces between positions and managements were
attenuated with depth (interaction position x
depth and management x depth).

In improved pastures, values of C/N ra-
tio were higher beneath tree canopy than in
open, while in unmanaged pastures (interac-
tion position X management) the values were
of the same magnitude. The position x ma-
nagement interaction also showed that C/N
ratio in open areas of unmanaged and impro-
ved pastures was similar.

Organic C mostly corresponded to the non-
-particulate fraction (58-79%, Figure 2). The
increase of particulate fraction in soils sam-
pled beneath the tree canopy relative to those

Table 2 - Soil bulk density (g cm™) and contents of organic C, total N (g kg') and extractable P (mg kg') in
the 0-10 and 10-20 cm soil layers beneath the tree canopy (BC) and in open (OP), in unmanaged (UN) and
improved pastured plot established 26 years ago (M26). Values are mean + standard deviation (n=12 for bulk

density, and 36 for other parameters).

Depth Bulk Organic Total C/N Extractable
cm density C N P
UNOP 0-10  1.47+0.06 12.22+1.78 1.00+0.10 12.2+1.4  1.75+0.52
10-20  1.55+0.03  7.99£0.95 0.69+0.05 11.4+1.6  1.16+0.50
UNBC 0-10  1.4240.09 16.6244.32 1.31+0.25 12.741.7 3.11«£1.15
10-20  1.55+0.05  9.95+£2.55 0.85+0.11 11.7#2.8  1.41+0.43
M260P 0-10  1.49+0.03 14.01£2.57 1.22+0.18 11.5+1.1  13.7+12.3
10-20  1.48+0.04  8.61+1.64 0.76+0.10 11.2+1.3  3.72+4.22
M26BC 0-10  1.31+0.11 23.87+6.54 1.88+0.39 12.5+1.0 24.00+11.66
10-20  1.42+0.02  12.00+£2.74 0.95+0.21 13.0+£3.5  5.84+3.94
POSitiOn kkk kskok skokok kskok kk
Management sfesksk stk sfeskeosk ns skeskeosk
Depth sfeskosk skekeok sk * sfeskosk
Position X kokk kskok kokok Kk *
management
Position x depth HAK oAk Ak ns Hx
kokk kskok skokok Kk skokok

Management x
depth

Levels of significance: *** P < 0.001, ** P < 0.01, * P < 0.05 and ns not significant.



86 REVISTA DE CIENCIAS AGRARIAS

4,0 7 0-10 cm
. C = 3.609-0.153d (2=0.78, p=0.001)

Organic C (kg m'z)
N
o

0,0 ‘ ‘ ‘ ‘ ‘ ‘
0 2 4 6 8 10 12
04 -
N = 0.271-0.0091d (r2=0.80, p=0.001)
< 03 -
3 . .
2 .
z 021 o ° . .
6 o O
L 01
N = 0.202-0.0031d (r2=0.54, p=0.025)
0,0 ‘ ‘ ‘ ‘ ‘ ‘
0 2 4 6 8 10 12

Distance (m)

o UN
o M26
4.0 1 10-20 cm
C =1.921-0.057d (*=0.63, p=0.003
30 | ( p=0.003)
2,0 . .
1,0 4 R
C = 1.888-0.048d (?=0.52, p=0.029)
0,0 ‘ ‘ ‘ ‘ ‘ ‘
0 2 4 6 8 10 12
04 -
03 1 N = 0.140-0.0023d (2=0.40, p=0.051)
0,2
—_—t— g o
01 1 —
N = 0.129-0.0016d (?=0.42, p=0.059)
0,0 ; ; ; ; ‘ ‘
0 2 4 6 8 10 12

Distance (m)

Figure 1 - Variation of organic C and total N amount (kg m™) with increasing distance from the tree trunk
(m) in the 0-10 and 10-20 cm soil layers in the unmanaged (UN) and managed plot with improved pasture
established 26 years ago (M26). (C: amount of organic C, N: amount of N, d: distance to the tree trunk).

Values are mean (n=4).
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Figure 2 - Percentage of particulate organic matter C (C

POM
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) in relation to total organic C in the 0-10 and 10-

20 cm soil layers beneath the tree canopy (BC) and in open (OP), in unmanaged (UN) and improved pasture
established 26 years ago (M26). The bars represent the standard deviation of the mean (n=36).

in the open (2.2-3.0 times) was higher than
that observed for non-particulate fraction (1.4-
2.1 times). The percentage of organic C in the
particulate fraction decreased with soil depth.

As observed for organic C and total N, con-
tents of extractable P were significantly grea-

ter beneath tree canopy than in the open, de-
creasing with soil depth (Table 2). Improved
pasture establishment led to higher extractable
P contents, differences being more pronoun-
ced (eight times higher) in the 0-10 cm soil
layer (interaction management x depth).
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Soil N mineralization

tion, soils collected beneath the tree canopy
showed higher cumulative net N mineraliza-

Net ammonification was not observed in tion (2.5 and 1.8 times, for the 0-5 and 5-15
soil samples during the incubation period cm soil layers, respectively) than those taken
(data not shown). At the end of the incuba- in open areas (Figure 3). Also, rates of mi-
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Figure 3 - Cumulative net N mineralization (aerobic incubation) in the 0-5 and 5-15 cm soil layers collected
beneath the tree canopy (BC) and in the open (OP) from unmanaged oak woodland; and in the 0-5 cm soil
layer (of the open area) incubated with water solutions (BP: bulk precipitation, TH: throughfall, ST: ste-
mflow) or with roots (C: absence of roots; H: herbaceous, T: tree, HT: herbaceous and tree). Different letters
for data at the end of the incubation indicate significant differences among means (n=6) at the P = 0.05 level.
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neralized N per unit of initial total N were
significantly higher in soils beneath the tree
canopy (62.98 and 17.98 mg N g total N, in
the 0-5 and 5-15 cm soil layers, respectively)
than in the open (44.65 and 9.73 mg N g
total N, respectively).

Effect of solutions and roots
on N mineralization

Net N mineralization was not significantly
affected by the addition of throughfall or ste-
mflow solutions, values being similar to tho-
se observed for bulk precipitation addition
(Figure 3). In this incubation net ammonifi-
cation was not also observed.

After 8 weeks of incubation, soil cumula-
tive net N mineralization was significantly
lower in treatments with roots (20.5-44.2
mg kg') than in the control (63.6 mg kg™).
The treatment with only herbaceous roots
(H) showed significantly lower cumulative
net mineralization (20.5 mg kg') than that
observed for tree roots addition (44.2 mg
kg™); intermediate values were observed for
the HT treatment (mixture of tree and herba-
ceous species roots).

DISCUSSION
Spatial organic C distribution

Scattered trees induced a strong varia-
tion on soil organic C and total N amounts,
which gradually decreased with the increa-
se of distance to the tree trunk, a tendency
which was also observed in other scattered
oak woodlands in Portugal (Nunes, 2005),
Spain (Moreno et al., 2007) and California
(Dahlgren et al, 1997) under similar cli-
mate conditions. As the organic C content
variation beneath the tree canopy was mos-
tly observed in the surface soil layer (0-10
cm), it may be mostly associated with the
spatial variation of litterfall amounts whi-
ch has been observed for similar scatte-
red oak trees (Escudero et al., 1985). The
spatial variation of organic C content may

also be affected by the gradual increase of
tree canopy size, as reported by Belsky et
al. (1989) for semi-arid savannah; also, the
influence of root pattern distribution should
be also taken into account. In addition, the
stronger variation gradient of soil organic C
amount beneath the tree canopy with impro-
ved pastures areas (see Figure 1) suggests
that this gradient may be also influenced by
the interaction between the oak trees and the
improved pastures. The similar distribution
pattern observed for C and N amounts may
be associated with the fact that the latter is
cycled via organic matter, as reported by
Gallardo (2003) for similar systems.

The amount of organic C in the 0-10 cm soil
layer significantly increased beneath the tree
canopy in both unmanaged (2.36 kg C m?)
and improved (3.13 kg C m?) pastures (see
Table 1) as compared with the open (1.80 and
2.09 kg C m?, respectively). The increment
of C observed beneath the tree canopy may
be mostly ascribed to the additional input of
organic matter by litterfall, which can reach
0.36-0.61 kg m? yr' in Spanish oak woo-
dlands with unmanaged pastures (Escudero
et al., 1985; Caritat et al., 1996). This trend is
in agreement with the fact that holm oak root
length density up to 10 cm depth can be simi-
lar beneath and beyond the tree crown (Mo-
reno et al., 2005). The increase in amount of
particulate organic matter fraction under oak
tree crown was stronger than that observed
for total organic C, suggesting that the scat-
tered oak tree effect on soil organic matter is
sensitively expressed by the labile fraction of
C such as reported by Lehmann et al. (2001)
for single trees in the Brazilian Amazon. Tree
litter fall residues, which are in general more
recalcitrant to decomposition than those of
herbaceous vegetation (Sa, 2001; Sa et al.,
2004), may have contributed to the relative
increment of soil particulate organic matter
fraction. Also, the higher amounts of N and
P observed beneath the tree canopy (0.04 and
0.07 kg N m? 0.18 and 1.11 g P m?, in the
0-10 cm soil layer of UN and M26 plots, res-
pectively) may be also explained by litterfall
inputs.
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In unmanaged pastures, similar C/N ratios
(11.4-12.7) were observed beneath the tree
canopy and in the open, which is in agre-
ement with results reported for oak woo-
dlands systems with unmanaged pastures of
southwest Spain (Gallardo et al., 2000) and
California (Dahlgren et al., 1997). Moreover,
C/N ratios were also similar in open areas
of both unmanaged and improved pastures
(11.2-12.2). This is in conformity with the si-
milar increment of organic C and N beneath
the tree canopy in both unmanaged and ma-
naged pastures (Table 1). As greater C/N ra-
tios were observed in senesced Q. suber leaf
fall (59) than in unmanaged (46) and impro-
ved (42) pasture residues (Sa, 2001), a pro-
portional higher N accumulation may have
taken place beneath tree canopy in the study
site, such as suggested by Lehmann et al.
(1998) in a decomposition study where tree
biomass with the slowest decomposition was
the most efficient in increasing the N content
in a savannah soil. Also, animal resting under
the shade of trees may transfer nutrients from
adjacent pastures and contribute to higher
proportional N beneath the tree canopy.

The present study shows that the positive
influence of oak trees on soil quality was
enhanced by improved pastures. Indeed,
after 26 years, improved pastures establish-
ment increased organic C (0.76 kg m™?), to-
tal N (0.06 kg m?) and extractable P (2.70 g
m?) amounts in the 0-10 c¢m soil layer bene-
ath canopy relatively to those of unmanaged
pasture. Such as reported by other authors
(Haynes and Williams, 1993; Guggenber-
ger et al., 1995; Milne and Haynes 2004),
this increase may be partially attributed to
greater above and belowground dry matter
production in improved pastures. In fact, in
the study area, beneath the tree canopy the
aboveground biomass of improved pastures
(0.45 kg m? yr')was 1.6 times greater than
that of unmanaged pastures (0.28 kg m= yr';
Nuno Cortez, personal communication); ho-
wever, data on belowground pasture biomass
are needed to confirm such trend. Moreover,
other factors might be involved, such as dung
deposition due to greater stocking rate, or a

possible enhancement of oak litterfall asso-
ciated with higher N availability.

Tree influence on N mineralization

The greater net N mineralization observed
in soils beneath the tree canopy is in agree-
ment with results reported for Mediterrane-
an oak ecosystems of Spain (Gallardo et al.,
2000) and California (Jackson et al., 1990;
Herman et al., 2000; Perakis et al., 2007).
Although less pronounced, an increment for
N mineralization per unit of N (that is, for
N turnover rate) was also observed for soils
beneath tree canopy. This suggests that di-
fferences observed for net N mineralization
were not only associated with N accumu-
lation beneath trees. In fact, other factors,
such as more favourable soil environmental
conditions beneath tree canopies (Joffre and
Rambal, 1993; Herman et al., 2000), diffe-
rences in substrate quality (Matson and Vi-
tousek, 1981) or quantity of ammonifying
and nitrifying microrganisms (Charley and
West, 1977), may also account for the higher
N availability in soils beneath tree canopy.

Results of laboratory incubations suggest
that surface soils beneath canopy may have
higher potential for NO,-N leaching. Howe-
ver, under field conditions, the deep root sys-
tem of oak trees, according to Moreno et al.
(2005), may contribute to decrease these los-
ses by nitrate uptake from deep soil layers.
In addition, input of oak residues with high
C/N ratio might promote the immobilization
of N during their decomposition as reported
by S& (2001). Our results also suggest that
decomposing tree and herbaceous plant roots
may have a strong influence on soil N dyna-
mics. In fact, soil N net mineralization was
significantly greater in the absence than that
in the presence of oak roots, suggesting that
decomposing roots in oak woodlands may
promote the retention or immobilization of N
through their decomposition.

The stronger reduction of soil net N mi-
neralization induced by herbaceous plant
roots may be explained by their lower C/N
ratio (41), when compared with tree roots
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(about 60). Herbaceous roots may have de-
composed quickly and immobilized N at a
higher rate at a short-term. This is in a good
agreement with results reported by Sa et al.
(2004) for decomposition of similar herba-
ceous plants in the field, which lost about
25% of their initial mass during the first 40
days of incubation. This pattern suggests
that roots of herbaceous species in the open
area may strongly contribute to reduce N le-
aching following the rain events in autumn,
when environmental soil conditions are fa-
vorable for N mineralization. Such effect
will be more pronounced, and over a lon-
ger period, beneath the tree canopy, where
the combined effect of herbaceous and tree
roots occurs. This factor, associated with
precipitation reduction observed beneath
the tree canopy (David, 2000), may con-
tribute to reduce N losses due to leaching,
resulting in an improvement of soil N status
in the ecosystem.

In contrast to root addition, soil net N mi-
neralization was not significantly influenced
by the addition of throughfall and stemflow
solutions, where soluble C and nutrient con-
centrations were within the ranges previou-
sly reported for such solutions in cork oak
woodlands in Portugal (Nunes, 2004). The
lack of net N mineralization response to
addition of these solutions, may be associa-
ted with the fact that their organic C and nu-
trient contents were insufficient to stimulate
mineralization dynamics. Nevertheless, this
fact should be also related to the relatively
high soil biological activity, which could hin-
der the effect of increased soluble organic C
and nutrient contents in the aforementioned
solutions. Thus, further studies are needed to
get sound information on the subject.

CONCLUSIONS

Our results show that trees in oak woo-
dlands have a positive impact on soil C ac-
cumulation and fertility, resulting in a useful
process to enhance soil C sequestration and
to face desertification in Mediterranean are-

as. Such effect is clearly intensified by im-
proved pastures installation. Oak trees also
enhance net N mineralization and turnover,
but simultaneously may decrease N leaching
potential by root uptake and root decomposi-
tion dynamics. Although the decomposition
of herbaceous plants may also have a stron-
ger influence on the decrease of N leaching,
further studies are necessary to confirm this
trend. Thus, to reverse the degradation whi-
ch has affected soils in southern Portugal the
maintenance of tree cover should be a strate-
gy, which should be associated with adequa-
te land use, such as installation of improved
pastures. The improvement of soil quality
reached by this system may also positively
affect pastures productivity and quality, and
therefore increase stocking rate and soil C
accumulation.
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