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Fertilisation with sewage sludge may lead to crop toxicity and environmental degradation. This study aims to
evaluate the effects of two types of soils (forest and agronomic), two types of vegetation (unsown (coming
from soil seed bank) and sown), and two types of fertilisation (sludge fertilisation and mineral fertilisation,
with a no fertiliser control) in afforested and treeless swards and in sown and unsown forestlands on the
total and available Cu concentration in soil, the leaching of this element and the Cu levels in plant. The
experimental design was completely randomised with nine treatments and three replicates. Fertilisation
with sewage sludge increased the concentration of Cu in soil and plant, but the soil values never exceeded
the maximum set by Spanish regulations. Sewage sludge inputs increased both the total and Mehlich 3 Cu
concentrations in agronomic soils and the Cu levels in plant developed in agronomic and forest soils, with
this effect pronounced in the unsown swards of forest soils. Therefore, the use of high quality sewage sludge
as fertiliser may improve the global productivity of forest, agronomic and silvopastoral systems without
creating environmental hazards.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

There are two different types of soil recent management in Galicia
(Spain), ones that could be considered as agronomic because of
recent history of liming and fertilisation and forest soil which have
not been managed in the recent years. Usually, agronomic soils have
higher levels of soil pH than forest soils and the vegetation in both
soils is different depending on the management (Mosquera-Losada
et al., 2010a). Land change use is one of the main changes that
happened in Galicia (Spain) in the last years due to afforestation
promoted by Common Agricultural Policy (CAP) (EU, 2005) through
direct payments. Trees were planted in either agronomic or forest
soils, depending on the potential growth of trees and soil characteristics
that defined site index (Sánchez-Rodríguez et al., 2002). Recently,
silvopastoral systems are promoted by the EU (Council Regulation
1698/2005 EU, 2005) as a sustainable method of land management in
which trees, animals and pasture are integrated (Mosquera-Losada et
al., 2008). Silvopastoral systems can produce social benefits, as the
economic return is obtained earlier thanwhen exclusive forest systems
are used. As a result, silvopastoral systems tend to enhance the stabilisa-
tion of the rural population. Silvopastoral systems also provide environ-
mental benefits such as the improvement of nutrient recycling, the
control of soil erosion, a reduction in fire risk and promote biodiversity
. Mosquera-Losada).
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and carbon sequestration (Dupraz and Liagre, 2008; Rigueiro-
Rodríguez et al., 2008).

Pinus radiataD.Don is oneof themost preferred species of plantation
trees in the Atlantic biogeographic region of Europe (mostly in the north
of Spain andwest of France) due to its rapid growth and the high quality
of its logs (Egiarte et al., 2009; Mosquera-Losada et al., 2010a).
Moreover, this tree species is also one of the most widely used in the
establishment of silvopastoral systems in Australia, New Zealand and
Chile (Peri et al., 2007; Benavides et al., 2009).

In Galicia (Spain), pasture production and tree growth can be
limited by low soil fertility due to the acidity produced by both the
type of parent soil material and by the high annual precipitation (Zas
and Alonso, 2002). The use of fertilisers could improve soil fertility
as well as tree and pasture productivity (Rigueiro-Rodríguez et al.,
2008). One option adopted in many countries around the world is
the use of sewage sludge as a fertiliser (EPA, 1994) because of its
low cost compared with mineral fertiliser (EFMA, 2009) and because
it recycles nutrients (Sigua et al., 2005; Mosquera-Losada et al.,
2010b). Theproductive benefits of the combination of limeand different
doses of sewage sludge as a fertiliser in silvopastoral systems established
under P. radiata D. Don have been shown in Northwest Spain
(Mosquera-Losada et al., 2009a, 2010a; Egiarte et al., 2009). However,
the application of sewage sludge to soil can pose a threat to the environ-
ment, with the major concern arising from the fact that sewage sludge
contains a relatively higher concentration of heavy metals than that
normally found in soils (Smith, 1996; Singh et al., 2004). Due to poten-
tial negative health and environmental effects (Bhogal et al., 2003), the
European Directive 86/278 (EU, 1986) and the Spanish Royal Decree
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1310/1990 (BOE, 1990) regulate the use of sewage sludge as soil
amendment.

The availability of heavy metals and their transfer to plants,
groundwater, animals and, finally, to humans depend on the sewage
sludge quality (Katsoyiannis and Samara, 2007), amount of metal in
the soil, soil physico-chemical properties (e.g., pH value), the strength
of element binding in the soil and the ability of a plant to regulate its
uptake (Smith, 1996). In general, Cu tends to be more strongly and
effectively sorbed in soil and plants, such as Zn (Kabata-Pendias and
Pendias, 2001). However, Cu, because it is one of the most abundant
heavy metals in sewage sludge (Ngole, 2007; Mosquera-Losada et
al., 2010b), can become toxic when high volumes of sewage sludge
are applied (Fjällborg and Dave, 2003). Moreover, Cu is known to
have a number of negative effects both on crops (Baryla et al., 2000)
and microorganisms in the soil, which could have a negative effect
on soil fertility (Martensson and Torstensson, 1997). Finally, elevated
inputs of sewage sludge may also cause an increase in leaching losses
of Cu to ground and surface waters, thus affecting drinking water
quality (Karathanasis et al., 2005). Therefore, when sewage sludge
is used as fertiliser, it is important to be aware of the effect of this
residue on the concentrations of Cu in the soil and in plant and to
assess Cu leaching risks to groundwater. In previous studies in the
same area, the effect of lime and sewage sludge on Cu cycle in plant
developed in silvopastoral systems in very acid soils have been previ-
ously evaluated (Mosquera-Losada et al., 2009a). However, the effect
of sewage sludge applications in different types of soils, previous land
use management combined or not with sown sward on Cu cycle has
not been yet studied. The aim of this study was to evaluate the total
and available Cu concentration in soil; the leaching of this element
to groundwater; and its concentration in plant developed under
treatments fertilised with mineral or municipal sewage sludge in
simulated pastures (open swards), forest (tree plantation) and silvo-
pastoral systems (tree and pasture sowing) developed under P.
radiata D. Don that have been established in agronomic and forest
soils.

2. Materials and methods

2.1. Characteristics of the study site

The experiment was initiated in December 2006 through the
installation of 27 pots in the town of Piugos (Lugo, Galicia, NW
Spain, European Atlantic Biogeographic Region) at an altitude of
470 m above sea level. Fig. 1 shows the monthly mean precipitation
and temperature values for 2007, 2008, and 2009 and the normal
mean precipitation and temperature values of the study area. The
total annual rainfall was 658.1, 1000, and 872.7 mm in 2007, 2008,
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Fig. 1. Mean monthly precipitation and mean monthly temperature in 2007, 2008, and
2009 and mean normal data for the study area. T: mean monthly temperature (°C), Tn:
mean normal temperature, P: mean monthly precipitation (mm), and Pn: mean normal
precipitation.
and 2009, respectively. The rainfall registered in the spring of 2007,
2008, and 2009 was 439.8, 604.5, and 368.4 mm, respectively. In
general, those years were drier than the mean normal year
(998.3 mm) for the study area. However, the mean monthly precipi-
tation in 2007 was higher than the mean normal precipitation from
June to August, which reduced the drought period when compared
with the years 2008 and 2009, in which pasture growth was limited
by a lack of rainfall. The annual mean temperature was mild (12 °C).

The pots used in this experiment were cylindrical (approximately
2 m3 in size with a height of 144 cm and width of 134.5 cm) and were
filled with soils. Fifteen pots were filled with agronomic soil from
Sarria (Lugo, Galicia, NW Spain) and the others with forest soil (12
pots) from Bascuas (Condesmo, Lugo, Galicia, NW Spain). The soils
were Gleyic Umbrisols (FAO classification) and Umbrept Inceptisols
(USDA system). Agronomic soil was previously used for grass and
forage crops and forest soil for production of pine wood. In each pot,
a lysimeter was installed at a depth of 135 cm to study the leaching
of nutrients. The lysimeter was composed of a PVC pipe of 2 cm of
diameter introduced after making holes in the pots. The tube was
fitted precisely to the pot so that no water was leached outside, with
the exception of the hole in this PVC pipe.

Initial agronomic soil analyses showed a loamy sand soil texture
(83.51% sand, 12.33% silt and 4.15% clay) with a highly acid KCl pH
(4.46) (Faithfull, 2002). Meanwhile, the forest soil analyses had a
sandy loam soil texture (71.69% sand, 19.46% silt and 8.85% clay)
and a highly acid KCl pH (4.27) (Faithfull, 2002), as in agronomic
soils. Themain difference between both soils was the higher concentra-
tion of Al in forest soil (0.74 cmol (+) kg−1) than in agronomic soil
(0.55 cmol (+) kg−1). All heavy metal concentrations in both agro-
nomic and forest soils (Table 1) were below the maximum thresholds
for the use of sewage sludge as fertiliser as specified by the EU Directive
86/278/CEE (EU, 1986) and Spanish legislation under R.D. 1310/1990
(BOE, 1990).
2.2. Experimental design

The experimental design was completely randomised with nine
treatments and three replicates. Treatments followed a design that
consisted of a fractional factorial design of a 2p fully factorial, with
"p"=4 factors (2 levels per factor). Treatments were chosen because
they are the most traditional practices in the area of study (agronomic
soil without tree, forest soil without pasture, and silvopastoral
systems) in forest and agronomic lands. The treatments consisted of
the following: (1) Agronomic soil+pasture sowing (Agronomic+P);
(2) Agronomic soil+pasture sowing+sewage sludge (Agronomic+
PS); (3) Agronomic soil+pasture sowing+mineral (Agronomic+
PM); (4) Agronomic soil+pasture sowing+sewage sludge+tree
(Agronomic+PST); (5) Agronomic soil+pasture sowing+mineral+
tree (Agronomic+PMT); (6) Forest soil+sewage sludge+tree
(Forest+ST); (7) Forest soil+mineral+tree (Forest+MT); (8) Forest
soil+pasture sowing+sewage sludge+tree (Forest+PST); and
Table 1
Heavy metal concentrations in the agronomic soil and in the forest soil at the beginning
of the experiment and legal limits established by European Directive 86/278 and Spain
R.D. 1310/1990. Limits depend on soil pH (minimum: soil pHb7, maximum: soil
pH>7). –: element concentration below detection limit of the technique used in its
determination.

Heavy metal concentrations (mg kg−1)

Soil Cd Cu Cr Ni Pb Zn

Initial agronomic soil 0.1 1 0.9 – 17.7 28.8
Initial forest soil 0.9 7.8 2 – – 32.5
Spanish law limits 1–3 50–210 100–150 30–112 50–300 150–450
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(9) Forest soil+pasture sowing+mineral+tree (Forest+PMT). The
following physical parameters were used:

• Pasture sowing (P): the sward was sown with a mixture of Dactylis
glomerata L. var. Artabro (12.5 kg ha−1), Lolium perenne L. var.
Brigantia (12.5 kg ha−1) and Trifolium repens L. var. Huia (4 kg ha−1)
in December 2006.

• Tree (T): a one-year-old P. radiataD. Don treewas planted in January
2007.

• Sewage sludge (S): an anaerobically digested sludge with an input
of 320 kg total N ha−1 was applied in December 2006, which
means around 80 kg of available N per hectare if a 25% of minerali-
zation rate is considered (EPA, 1994).

• Mineral (M): in the Agronomic+PM, Agronomic+PMT, Forest+
MT, and Forest+PMT treatments, 500 kg ha−1 of 8 (% N):24 (%
P2O5):16 (% K2O) was applied at the beginning of the years 2007,
2008, and 2009, and 40 kg of N ha−1 as calcium ammonium nitrate
(26% N) was applied after each harvest, which is traditionally used
in the area.
2.3. Sewage sludge

Anaerobically digested sludge was taken from the municipal
waste treatment plant of Lugo. The required amount of sewage sludge
was calculated according to total N and dry matter content (EPA,
1994), taking into account that approximately 25% of the total N
from anaerobically digested sewage sludge is available in the first
year after application as indicates EPA (1994). EU Directive 86/278/
CEE (EU, 1986) and Spanish regulation R.D. 1310/1990 (BOE, 1990)
regarding heavy metal concentrations in the application of sewage
sludge to soil were also considered. The composition of the sewage
sludge that was applied is summarised in Table 2.

2.4. Field sampling and laboratory determinations

Soil samples were collected at a depth of 25 cm, as described in
R.D. 1310/1990 (BOE, 1990) in March 2008, January 2009 and January
2010. In the laboratory, soil samples were air-dried, passed through a
2 mm sieve, and ground with an agate mortar. Soil pH was deter-
mined in KCl (1:2.5) (Faithfull, 2002), and the total Cu concentration
was analysed with the VARIAN 220FS spectrophotometer using atomic
absorption (VARIAN, 1989) after a nitric acid digestion made in a CEM
MDS-2000 microwave (CEM, 1994). Available Cu was measured after
Table 2
Chemical properties of the sewage sludge applied and legal limits established by European
Directive 86/278 and Spain R.D. 1310/1990. Limits depend on soil pH (minimum: soil
pHb7, maximum: soil pH>7).

Values

Parameters Anaerobic sludge Spanish law limits

Dry matter, % 20.47
pH 7.47
N, g kg−1 35
P, g kg−1 17.8
K, g kg−1 3.5
Ca, g kg−1 27.1
Mg, g kg−1 8.4
Na, g kg−1 1.5
Fe, g kg−1 17.9
Cr, mg kg−1 39.4 1000–1500
Cu, mg kg−1 142.7 1000–1750
Ni, mg kg−1 29.4 300–400
Zn, mg kg−1 1248.56 2500–4000
Cd, mg kg−1 0.7 20–40
Pb, mg kg−1 84.4 750–1200
Mn, mg kg−1 6.1
extraction with Mehlich 3 (Mehlich, 1985) with a VARIAN 220FS spec-
trophotometer, using atomic absorption (VARIAN, 1989).

The water from the lysimeters was extracted each week, unless
drought caused a lack of water, and measured with a volumetric
ware. The concentration of Cu leaching into thewater was determined
with the VARIAN 220FS spectrophotometer using atomic absorption
(VARIAN, 1989). Total Cu leached was estimated by multiplying Cu
concentration and the water leached in each sampling. Copper
leached for a period in each sampling was summed to obtain the global
period Cu leached. The weighted mean of the Cu concentration in the
leached water was calculated as:

x ¼ ∑n
i¼1xiwi

∑n
i¼1wi

¼ x1w1 þ x2wþ x3w3 þ…þ xnwn

w1 þw2 þw3 þ…þwn

Where xi is the concentration of Cu in the water leached, and wi is
the volume of water leached.

To estimate Cu content in plant, two samples of pasture were
randomly taken with an electric hand clipper at a height of 2.5 cm
per pot (0.3×0.3 m2) in May, June, and August 2007; in May and
July 2008; and in May and June 2009 (autumn data were not used
in this study). Later, the samples were labelled and transported to
the laboratory, where the samples were dried at 60 °C for 72 h, after
which they were ground and chemically analysed. The Cu content in
plant was determined with the VARIAN 220FS spectrophotometer
using atomic absorption (VARIAN, 1989) after a nitric acid digestion
was made in a CEM MDS-2000 microwave (CEM, 1994).

2.5. Statistical analysis

Soil variables and total Cu leached were analysed with repeated
measures ANOVA (proc glm procedure) following the model Yijk=
μ+Ai+Tj+TAji+εijk, within Pasture+Tree treatment (Agronomic+
PMT, Agronomic+PST, Forest+PMT and Forest+PST treatments),
forest soil treatments (Forest+PMT, Forest+PST, Forest+ST and
Forest MT treatments), agronomic soil treatments (Agronomic+PMT,
Agronomic+PST, Agronomic+PM and Agronomic+PS treatments)
and agronomic treatments only with pasture (treatments Agronomic+
P, Agronomic+PM and Agronomic+PS treatments). In the repeated
measures ANOVA, the variables were represented as follows: Yijk is the
studied variable, μ is the variable mean, Ai is the year i, Tj indicates treat-
ment j, TAji is the treatment year interaction and εijk is the error.

The Cu data from the soil, leached water and pasture variables were
also analysed with three two-way ANOVAs (proc glm procedure)
following the model Yij=μ+Fi+Tj+εij. The first ANOVA was
performed to discern the effects of soil type (T: forest and agronomic)
with two levels of fertilisation (F: sludge andmineral) and their interac-
tions (soil×fertilisation) in silvopastoral systems (Pasture+Tree)
(Agronomic+PMT, Agronomic+PST, Forest+PMT and Forest+PST
treatments). Yij is the studied variable; μ is the variable mean; Fi is the
fertiliser factor i; Tj is the soil type factor j; and εij is the error. The second
2-way ANOVA was performed to discern the effects of two levels
of pasture vegetation (S: sown and unsown pasture) with two levels
of fertilisation (F: sludge and mineral) and their interactions (sown×
fertilisation) on forest soil (Forest+PMT, Forest+PST, Forest+ST
and Forest MT treatments). Yij is the studied variable; μ is the variable
mean; Fi is the fertiliser factor i; Tj is the vegetation factor j; and εij is
the error. The third 2-way ANOVAwas performed to discern the effects
of two levels of tree plantation (T: tree and no tree plantation)with two
levels of fertilisation (F: sludge and mineral) and their interactions
(silvo×fertilisation) on agronomic soil (Agronomic+PMT, Agronomic
+PST, Agronomic+PM and Agronomic PS treatments). Yij is the
studied variable; μ is the variable mean; Fi is the fertiliser factor i; Tj is
the vegetation factor j; and εij is the error. Finally, a 1-way ANOVA of
one factor with three levels of fertilisation F (no fertilisation [NF],
mineral [M] and sludge [S]) was performed to discern the effects of
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fertilisation on agronomic soil with herbaceous vegetation (Agronomic
+P, Agronomic+PM and Agronomic+PS treatments).

The LSD test was used for subsequent pair wise comparisons
(pb0.05; a=0.05) if the ANOVA was significant. The statistical
software package SAS (2001) was used for all analyses.

3. Results

3.1. Soil

3.1.1. KCl soil pH
Table 3 shows that the KCl soil pH was lower in 2010 than in 2008

in Pasture+Tree treatments and when forest and agronomic soils
were separately taken into account. However, when evaluating only
the effect of the fertilisation treatments on the treeless agronomic
soil (Agronomic soils: Pasture), the KCl soil pH was similar at the
end of the experiment (2010) to that at the beginning (2008). In
Pasture+Tree treatments (Fig. 2), the soil pH was significantly affected
by the type of soil (pb0.001) in 2008 (agronomic: 4.91 vs. forest: 4.44),
2009 (pb0.001) (agronomic: 4.77 vs. forest: 4.32) and 2010 (agronomic:
4.73 vs. forest: 4.25) and by the type of fertilisation (pb0.05) (sludge:
4.55 vs. mineral: 4.43) in 2010. Moreover, in the agronomic soils, the
soil pH was significantly higher (pb0.001) when sewage sludge was
applied (PST) compared with mineral fertilisation (PMT) in 2010. In
2009, within the Forest soils (Fig. 2), the KCl soil pH was significantly
higher (pb0.01) when the soil was fertilised with sludge rather than
with mineral fertiliser (sludge: 4.38 vs. mineral: 4.31). No differences
in the KCl soil pH appeared between treatments when treeless
Agronomic soils were taken into account (p>0.05).

3.1.2. Total copper
The total soil Cu was lower in 2009 and 2010 compared with 2008

in Pasture+Tree treatments and in the treatments established in the
forest soils, while at the same time in agronomic soils differences
were not observed between years (Table 3). In Pasture+Tree
treatments (Fig. 3), the total soil levels of Cu were significantly affected
by the type of soil (pb0.001) in 2008 (agronomic: 12.07 mg total Cu
kg-1 vs. forest: 4.97 mg total Cu kg−1), 2009 (agronomic: 11.22 mg
total Cu kg−1 vs. forest: 2.47 mg total Cu kg−1) and 2010 (agronomic:
11.02 mg total Cu kg−1 vs. forest: 1.25 mg total Cu kg−1). On the
other hand, in 2010, in the agronomic soils (Fig. 3), the interaction of
silvo×fertilisation was significant (pb0.05), with the concentration of
total soil Cu higher in the treeless soils fertilised with sludge (PS) than
those with mineral fertiliser (PM). Moreover, in the treeless agronomic
soils in which only the effect of the fertilisation treatments was studied
Table 3
Water soil pH, total Cu (mg kg−1) and amount of Cu extracted with Mehlich 3
(mg kg−1) in Pasture+Tree treatments, in forest soils, in agronomic soils and in no
forested agronomic soils in 2008, 2009 and 2010. Different letters indicate significant
differences between years. ns: not-significant, ***: pb0.001, **: pb0.01, SEM: mean
standard error.

Year

Parameter 2008 2009 2010 Year
effect

SEM

Pasture+Tree KCl pH 4.68 a 4.55 b 4.49 b *** 0.04
Total Cu (mg kg−1) 8.52 a 6.84 b 6.13 b ** 0.79
Cu Mehlich 3 (mg kg−1) 0.57 0.69 0.71 ns 0.07

Forest soils KCl pH 4.45 a 4.35 b 4.27 c *** 0.02
Total Cu (mg kg−1) 5.17 a 2.56 b 1.90 b *** 0.35
Cu Mehlich 3 (mg kg−1) 0.23 0.32 0.17 ns 0.04

Agronomic soils KCl pH 4.89 a 4.72 b 4.78 b ** 0.02
Total Cu (mg kg−1) 12.19 10.98 11.58 ns 0.35
Cu Mehlich 3 (mg kg−1) 0.96 1.09 1.14 ns 0.06

Agronomic soils:
pasture

KCl pH 4.87 a 4.70 b 4.94 a *** 0.04
Total Cu (mg kg−1) 12.78 10.74 11.78 ns 0.43
Cu Mehlich 3 (mg kg−1) 0.99 1.29 1.19 ns 0.07
(Agronomic soils: Pasture), it was observed again that the application
of sewage sludge increased the concentration of total soil Cu more
than fertilisation with mineral fertiliser in both 2009 and 2010
(pb0.05). No differences in the amount of total soil Cu appeared
between treatments when forest soils were taken into account
(p>0.05).

3.1.3. Copper Mehlich 3
The amount of Cu extracted with Mehlich 3 in 2008, 2009 and

2010 did not change over the period of the study (Table 3). Fig. 4
shows the amount of Cu extracted with Mehlich 3 in Pasture+Tree
treatments and agronomic soils in 2008, 2009 and 2010. In forest
soils, there were no significant differences between treatments
(p>0.05). The three year mean concentration of Cu extracted with
Mehlich 3 was significantly higher in agronomic soils than in forest
soils (pb0.05) (agronomic: 0.94 mg Mehlich Cu kg−1 vs. forest:
0.27 mg Mehlich Cu kg−1). In agronomic soils, the amount of Cu
extracted with Mehlich 3 was significantly affected by the treatments
in 2010 (silvo×fertilisation interaction effect: pb0.05) and revealed
that the available soil Cu was higher in the soils without trees that
were fertilised with sludge (PS) than those with mineral fertiliser
(PM) and in soils afforested with P. radiata D. Don to which sewage
sludge was applied (PST). Moreover, in treeless agronomic soils, it
was also observed that fertilisation with sludge (S) more significantly
increased the amount of Cu extracted with Mehlich 3 than it did in
the unfertilised treatment (NF) in 2008 (pb0.05).

3.1.4. Copper in leaching water
The significant effect of the study years on total Cu leached in

Pasture+Tree treatments (pb0.001) and in agronomic and forest
soils (pb0.05) are shown in Fig. 5. In all treatments, total Cu leached
was lower at the end of the experiment (2009) than in the previous
year (2008). However, total Cu leached was not significantly modified
by the treatments applied (p>0.05) (data not shown). On the other
hand, in treeless agronomic soils (Agronomic soils: Pasture), it was
observed that the weighted mean of the Cu concentration in the
leached water was significantly higher (pb0.05) in the no fertilisation
treatment (NF) than in the treatments in which mineral fertiliser (M)
and sewage sludge (S) were applied (NF: 0.0087a; M: 0.0057b and S:
0.0065b expressed as mg Cu l−1) (different superscript letters
indicate significant differences between treatments). In Pasture+
Tree, in both agronomic soils with trees and in forest soils, there
were no significant differences between treatments (p>0.05).

3.2. Concentrations of Cu in plant

Fig. 6 presents the concentrations of Cu in plant in the harvests of
spring in which differences between treatments were observed.
When the effect of the type of soil and the type of fertilisation were
evaluated (Pasture+Tree treatments), the concentration of Cu in
plant was significantly higher in agronomic than in forest soils in
May (soil effect: pb0.001; agronomic: 6.97 mg Cu kg−1 vs. forest:
3.68 mg Cu kg−1) and August 2007 (soil effect: pb0.05; agronomic:
5.86 mg Cu kg−1 vs. forest: 4.08 mg Cu kg−1) and when soils were
fertilised with sludge rather than with mineral fertiliser in May
2007 (fertilisation effect: pb0.05; sludge: 5.90 mg Cu kg−1 vs. mineral:
4.75 mgCu kg−1). InMay 2009, the interaction of soil×fertilisation and
the effect of the type of soil were significant (pb0.05), with the concen-
trations of Cu in plant lower in the forest soils fertilised with minerals
(MT) than in the other treatments established in forest (ST) and
agronomic soils (MT and ST). Lower amounts of Cu in plant of the
pots with forest soil and fertilised with minerals (MT) than in the
other pots was also observed in the harvest of May 2007 (pb0.001).
Moreover, in August 2007, the application of mineral fertiliser to
the forest soils (MT) again significantly decreased (pb0.05) the



Pasture + Tree

a a

b b

a a

b b

b

a

c c

4.1

4.3

4.5

4.7

4.9

5.1

M S M S

Agronomic Forestry

Treatments

K
C

l p
H

a
Forest soils

b
a

b ab

4.1

4.3

4.5

4.7

4.9

5.1

M S M S

Tree Pasture+Tree

Treatments

K
C

l p
H

b

2008
2009
2010

Fig. 2. KCl soil pH under Pasture+Tree treatments (a) and forest soils (b) in 2008, 2009, and 2010. M, mineral; S, sludge. Different letters indicate significant differences between
treatments within Pasture+Tree treatments (a) and forest soils (b) within the same year. Vertical lines indicate mean standard error.

43N. Ferreiro-Domínguez et al. / Science of the Total Environment 424 (2012) 39–47
concentration of Cu in plant in this case when compared with the
mineral fertilisation of the pots filled with agronomic soil.

Within the forest soils, the concentration of Cu in plant was signif-
icantly higher when the soils were fertilised with sludge rather than
with mineral fertiliser and in the unsown pots compared with the
sown pots in May 2007 (fertilisation effect: pb0.05; sludge: 5.62 mg
Cu kg−1 vs. mineral: 3.65 mg Cu kg−1) (sown effect: pb0.05;
unsown: 5.58 mg Cu kg−1 vs. sown: 3.68 mg Cu kg−1). In May
2007, it was also observed that the concentration of Cu in plant was
significantly higher (pb0.05) in the pots without pasture sowing
and fertilised with sewage sludge (ST) than in the other treatments
established (MT, PMT and PST).

In the agronomic soils, in May 2009, the interaction of silvo×
fertilisation was significant (pb0.05), with the levels of Cu in
plant higher in the pots without trees and fertilised with sludge
(PS) than in the pots without trees but fertilised with minerals
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(PM) and in the pots planted with trees and fertilised with sludge
(PST).

Finally, as observed in Fig. 7 the amount of Cu extracted by the
pasture was higher when the availability of Cu increased.

4. Discussion

In this experiment, the soil pH in 2010 was lower than in 2008.
Firstly, pH is usually reduced by N mineralisation as the step from
NH4

+ to NO3
− occurs (releasing H+ into the soil solution Whitehead,

1995) and, secondly, because tree and pasture extract cations from
the soil releasing H+ (Nillsson, 2004; Mosquera-Losada et al., 2006).
The reduction of the soil pH possibly restricted the soil's biological
activity (Omil et al., 2007; Djukic et al., 2009) and therefore the
incorporation and mineralisation of sewage sludge was low, which
may have produced a reduction of the total soil Cu over time in
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Pasture+Tree treatments and in forest soils because the Cu extracted
by plants was higher than that incorporated into the soil. Moreover,
Cu solubility is negatively affected by high levels of organic matter.
In the present experiment, the levels of organic matter were so high
that could have favoured the Cu complex formation and therefore
reduce the Cu solubility from the start to the end of the study. The
lower total soil Cu in 2010 than in 2008 might also be explained by
the leaching of this element through the soil profile (especially at
the beginning of the study). In this experiment, the proportion of
sand in agronomic (83.51%) and in forest soils (71.69%) was high in
comparison with the percentage of clay and may have favoured Cu
leaching (Zubillaga et al., 2008; Smith, 2009). Depletion of soil Cu
concentration over time in sandy soils was previously documented
by Rigueiro-Rodríguez et al. (2010) in a silvopastoral established
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soils (c). Vertical lines indicate mean standard error.
with Fraxinus excelsior L. and fertilised with similar doses of sewage
sludge to our study. However, in the F. excelsior L. experiment the
percentage of sand (91.81%) was higher compared with the soils of
the present study. On the other hand, it should be noted that total
Cu leached was reduced over time, possibly due to establishment of
pasture and trees. At the beginning of the experiment, trees and
pastures were being established, and therefore less efficient at taking
up soil nutrients like Cu. Later on, the adequate establishment of
pasture and tree probably limited Cu leaching. Silvopastoral systems
are recognised bymany authors as ameans to reduce the environmental
risks associated with the leaching of N and heavy metals because tree
roots can explore a greater soil depth and volume than pasture roots
and take up nutrients not employed by the pasture (Nair et al., 2008;
Rigueiro-Rodríguez et al., 2008). The positive effect of the establishment
of pasture and trees on the reduction of Cu leachingwas also observed in
the treeless agronomic soils (Agronomic soils: Pasture) when the
weighted mean of the Cu concentration in the leached water was stud-
ied. In the treeless agronomic soils of this study, the pasture production
tended to be lower in thepots not fertilised (10.48 Mg ha−1) thanwhen
sewage sludge was applied (11.14 Mg ha−1) (Mosquera-Losada et al.,
2010a) which probably increased the Cu extractions by pasture in the
pots fertilised with sludge and therefore reduced the Cu leaching
through the soil profile. Despite the higher leaching of Cu at the begin-
ning than at the end of the experiment, the concentration of Cu in the
leached water was always, in all treatments, below the maximum set
by the Spanish legislation for drinking water (b2 mg Cu l−1) (R.D.
140/2003; BOE, 2003), with 0.23 mg Cu l−1 being the maximum
concentration found in this experiment, which is indicative of the low
Cu concentration in the sewage sludge used in this study. Other authors,
such as Toribio and Romanyá (2006), also found that the amount of Cu
in the leached water after the addition of sewage sludge was far below
the limits of the water quality criteria of the Spanish legislation (R.D.
140/2003; BOE, 2003). These results are highly relevant because sewage
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sludge inputs improve the physical (Griffiths et al., 2005) and chemical
(Speir et al., 2004) characteristics of the soil, rather than causing the
detrimental environmental effect of Cu leaching to groundwater, as
long as the establishments of pasture and trees are adequate. However,
the proportion of Cu in the sludge must be low, like that used in this
study (Karvelas et al., 2003). The improvement of the quality of the
sludge through the implementation of techniques reducing the concen-
tration of heavy metals in the residue should be promoted as recom-
mended the European Union in the third draft of the document on
bio-wastes (EU, 2000).

On the other hand, in this study, KCl soil pH was significantly
higher in agronomic than in forest soils. The higher pH and aluminium
levels (data not shown) found in agronomic than in forest soils could
be explained by the recent history of liming and fertilisation of agro-
nomic soils, which indicates a higher soil fertilisation in the former.
Moreover, when agronomic and forest soils were compared (Pasture+
Tree treatments) and within forest soils with sown pasture, it was
found that the application of sewage sludge increased the soil pH more
than mineral fertilisation. The improvement of soil pH caused by the
residue applications compared with mineral fertilisation could be due
to the inputs of Ca, Mg and micronutrients performed with the sludge
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and the Cu extracted by the sward (g kg−1).
compared with mineral fertiliser as observed in previous studies
(Smith, 1996; López-Díaz et al., 2007; Mosquera-Losada et al., 2010b).

The levels of total Cu in the forest (1.3–5.63 mg Cu kg−1) and
agronomic soils (9.63–14.17 mg Cu kg−1) found in this experiment
can be considered to be low when compared to the usual range for
unfertilised soils obtained by several authors, such as Barber (1995)
(1–50 mg Cu kg−1) and Kabata-Pendias and Pendias (2001)
(6–60 mg Cu kg−1). Moreover, in all treatments, the concentration
of total soil Cu was always below the maximums set by Spanish
regulations for the use of sewage sludge in agriculture for acid soils
(50 mg kg−1) (R.D. 1310⁄1990) (BOE, 1990). This may be explained
by the fact that this experiment was located in an area without nearby
pollution sources and that both soils have low initial levels of this
element compared with the levels found by other authors such as
Egiarte et al. (2008) (13.4 mg Cu kg−1), Antoniadis et al. (2010)
(58.5 mg Cu kg−1) or Guan et al. (2011) (37.4 mg Cu kg−1). On the
other hand, the values obtained of Cu Mehlich 3 were similar to the
concentrations found by Rigueiro-Rodríguez et al. (2010) in acid soils
(0.2–1.8 mg Cu kg−1) in this region. In this study, the total andMehlich
3 soil levels of Cu were lower in forest than in agronomic soils. This
result could be explained by the lower pH in forest than in agronomic
soils, which probably restricted the biological activity in the former
(Omil et al., 2007; Djukic et al., 2009) and therefore decreased the incor-
poration and themineralisation rate of the sewage sludge in forest soils
compared with agronomic soils. The negative effect of the soil pH on
biological activity was also observed in forest soils. This explains why
in forest soils there were no effect of fertilisation or sowing treatments
on the concentration of total and Mehlich 3 soil Cu. Finally, within the
agronomic soils, an increment of the concentration of total andMehlich
3 Cu was found when sewage sludge was used as fertiliser compared
with both mineral and no fertilisation treatment. This result was prob-
ably due to the higher total Cu amount applied with the sewage sludge
than with the mineral fertiliser (Verloo and Willaert, 1990; Mosquera-
Losada et al., 2009a). Cu, after Zn, is the most abundant heavy metal
in the sewage sludge named by Spanish regulation (R.D. 1310⁄1990)
(BOE, 1990) to consider when applying sewage sludge in agriculture
(Mosquera-Losada et al., 2010b). In previous studies, many other
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authors have also shown an increase of Cu in soil as a result of sewage
sludge applications (Mosquera-Losada et al., 2009a; Yuan, 2009;
Rigueiro-Rodríguez et al., 2010). Reducing the levels of Cu in the sludge
should be done to avoid the increase of this element in soil, as a conse-
quence of sewage sludge inputs. Avoiding plant Cu uptake could be
done through the inputs of lime. However, lime inputs would reduce
the soil Cu solubility and Cu plant uptake at short term in soils with a
clear acidity tendency, like Galician soils.

The concentrations of Cu in plant developed in forest (0.75–
6.97 mg Cu kg−1) and agronomic soils (1.6–11.57 mg Cu kg−1) of
this study were slightly below that found in the average plant range
(5–20 mg Cu kg−1; Loué, 1988) and the levels of 20 and 100 mg Cu
kg−1 considered excessive or toxic for plants (Smith, 1996; Kabata-
Pendias and Pendias, 2001). Moreover, the Cu concentration in
plant of forest and agronomic soils were similar to those found by
Mosquera-Losada et al. (2009a) (1–9.3 mg Cu Kg−1) and by
Mosquera-Losada et al. (2009b) (4.26–6.53 mgCuKg−1) in silvopastoral
systems established in forest and agronomic soils, respectively, and also
fertilised with sewage sludge. As observed in this study, the amount of
heavy metals removed by plants depends mainly on their availabilities
in the soil (Krebs et al., 1998; Stanhope et al., 2000) and on the species
(Mosquera-Losada et al., 2001, 2009a; Kidd et al., 2007). In this experi-
ment, Cu availability and therefore the Cu concentration in plant was
higher in the agronomic soils than in forest soils and when sewage
sludgewas applied comparedwithmineral fertilisation in the agronomic
soils. Moreover, in the agronomic soils, there is apparently a greater
concentration of Cu in plant of the pots without trees and fertilised
with sludge (PS) than in the pots planted with trees and fertilised also
with sludge (PST), probably due to the higher availability of this element
in the PS treatment than in the PST treatment, but also in part to tree
extractions. Regarding the influence of the species on the accumulation
of Cu in the plants, it was found that the concentration of Cu in plant of
the forest soilswas lower in the treatments sownwithDactylis glomerata
L., Lolium perenne L. and Trifolium repens L. than in the unsown treat-
ments, which have herbaceous species coming from the soil seed bank.
This result could be explained by the fact that the sowing increased the
proportion of monocotyledons species in the pasture that do not accu-
mulate this element (Mosquera-Losada et al., 2001, 2009a). Previously,
authors such as Jarvis (1980) also observed differences in Cu absorption
depending on the species; in the study by Jarvis (1980) the concentra-
tion of Cu in white clover was greater than in ryegrass. With regard to
animals, the maximum Cu in forage concentration established by NRC
(1980) for bovines (100 mg Cu kg−1), ovines (25 mg Cu kg−1), and
equines (800 mg Cu kg−1) were never exceeded, which indicated that
the pasture in this experiment is adequate for animal consumption.
However, Cu maintenance requirements of goats (7 mg Cu kg−1;
Lamand, 1981), horses (9 mg Cu kg−1; NRC, 1989), bovines (4 mg Cu
kg−1; NRC, 2000), and ovines (5mg Cu kg−1; NRC, 1985) were reached
in the agronomic soils but not for bovines and ovines in the forest soils. In
these cases, giving Cu supplements to the animals would be recom-
mended if their nourishment was derived solely from these pastures.
5. Conclusion

Inputs of Cu into the soil from sewage sludge in this experiment,
did not cause water quality problems or harmful effects on plants or
animals The restricted microbial activity to mineralise the sludge
reduced more the availability of Cu in forest than in agronomic
soils, which makes advisable to further evaluate forest soils. Sewage
sludge inputs increased the soil Cu availability and the plant Cu
concentration,mainlywhen a high proportion of unsown sward species
was detected. The use of high quality sewage sludge (with low levels of
Cu) as fertiliser could improve the global productivity of forest, agro-
nomic and silvopastoral systems without causing Cu environmental
risks.
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