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Biosolid-borne Cu, Ni and Zn did not show negative effects on Pinus halepensis seedlings performance after
application on three Mediterranean forest soils.

Abstract

We investigated the response of Pinus halepensis seedlings to the application of biosolids enriched with Cu, Ni and Zn on three Mediterra-
nean forest soils under semiarid conditions. One-year-old seedlings were planted in lysimeters on soils developed from marl, limestone and
sandstone which were left unamended, amended with biosolids, or amended with biosolids enriched in Cu, Ni and Zn. Enriched biosolids in-
creased plant heavy metal concentration, but always below phytotoxic levels. Seedlings receiving unenriched biosolids showed a weak reduction
in Cu and Zn concentration in needles, negatively affecting physiological status during drought. This effect was alleviated by the application of
enriched sludge. Sewage sludge with relatively high levels of Cu, Zn and Ni had minor effects on plant performance on our experimental con-
ditions. Results suggest that micronutrient limitations in these soils may be alleviated by the application of biosolids with a higher Cu, Zn and Ni
content than those established by current regulations.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Forest soils in the Mediterranean basin have been inten-
sively exploited (Naveh, 1982), resulting in the loss of soil or-
ganic matter and nutrients (Vallejo et al., 2000). Decreases in
soil fertility may constraint spontaneous vegetation recovery
once human pressure is released (Vallejo and Alloza, 1998),
and the same would apply to restoration actions (Serrasolses
and Alloza, 2004). Thus, increases in soil fertility may be

needed to foster ecosystem recovery. Biosolids represent an
easily accessible source of organic matter and nutrients that
can be used to restore degraded ecosystems. Sewage sludge re-
utilization has been recommended as the best practicable envi-
ronmental option (Hall, 1999) for the management of this
organic residue, in spite of the fact that environmental risks
may impose restrictions on its use (European Commission,
2000). Detailed information on the effects of biosolids on eco-
systems is needed to maximize the benefits and minimize the
environmental risks of biosolid use in ecological restoration.

Biosolids contain variable amounts of heavy metals which
could compromise plant growth. Woody species can be very
sensitive to moderate concentrations of heavy metals. These
elements may reduce biomass accumulation in tree seedlings
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(Kukkola et al., 2000), inhibit root growth (Arduini et al.,
1995; Hartley et al., 1999), decrease the availability of essen-
tial elements (Kabata-Pendias and Pendias, 1992), and modify
root morphology and architecture, compromising root capacity
to explore soils (Arduini et al., 1994). The excess or deficiency
of essential metals may also inhibit protein and enzyme func-
tion, and thus impair photosynthetic electron transport at the
reaction centers (Cakmak, 2000; Maksymiec, 1997). Heavy
metals may indirectly affect seedling performance by reducing
plant ability to access and transport soil resources, particularly
water (Barceló and Poschenrieder, 1990).

However, most studies on the effects of heavy metals on
tree seedlings have been performed under laboratory and
greenhouse conditions, and extrapolations to field conditions
are difficult. For example, dryland soils are frequently carbon-
ated (Fuller and Tucker, 1977) and heavy metal availability
greatly reduced (Brallier et al., 1996; Illera et al., 2000). Peri-
odic soil drying and low moisture availability may also affect
heavy metal availability (Pascual et al., 2004). Despite the ur-
gent need for a knowledge-based biosolid application, there is
little information on the effect of heavy metal contaminated
biosolids on Mediterranean woody plants.

This paper focuses on the short-term effect of biosolids en-
riched with Cu, Ni and Zn on the morphology and physiology
of Pinus halepensis seedlings planted under semiarid Mediter-
ranean conditions. Pinus halepensis is one of the most wide-
spread tree species in the Mediterranean basin, and indeed
one of the few species that can thrive under semiarid condi-
tions. The experiment was performed on three contrasted
soil types, representing common forest soils in the Mediterra-
nean basin.

2. Materials and methods

2.1. Experimental design

The experiment was carried out in Alicante (E Spain), under semiarid con-

ditions (mean annual rainfall 310 mm, mean annual temperature 17.5 �C). We

selected three soil types common in the Mediterranean basin. We used a Reg-

osol derived from marl with high carbonate content, loamy texture and high

pH (8.4); a Rendzic Leptosol derived from limestone, decarbonated brown-

red earth with clayey texture and pH 8.4, and a Typic Haploxerept, loamy

soil developed from red sandstone, with slightly acidic pH (5.9) and lower

OM content than the previous two soils (Table 1). The two basic soils were

collected from Ayora (Valencia), and the soil developed from sandstone was

collected from Sierra de Espadán (Castellón). For clarity we will refer to

them according to their dominant lithology, i.e., Marl, Limestone and Sand-

stone soils, respectively. The top 50 cm layer of each soil was collected and

homogenized by sieving through a 2 cm mesh. We used each soil type either

unamended (Control), mixed with a biosolid from a domestic water treatment

plant, or mixed with a heavy metal-enriched biosolid (Table 2). We artificially

increased the heavy metal content of the biosolid by adding a heavy metal so-

lution to a fresh, anaerobically stabilized biosolid rather than using a biosolid

from waters contaminated in origin. In this way, we prioritized control on the

heavy metal content of the biosolid. The heavy metal solution contained

ZnSO4, CuSO4 and NiSO4 to attain a concentration that was well above the

level permitted in European and Spanish regulations (Council Directive

86/278/EEC, 1986) for agricultural application of biosolids (1750 mg Cu kg�1,

400 mg Ni kg�1 and 4000 mg Zn kg�1, dry weight of biosolid; Table 2). We

selected Cu, Ni and Zn because they frequently limit the agricultural application

of biosolids in the Region of Valencia. Unaltered and enriched biosolids were

allowed to slowly dry down to 40% moisture content, and then were thoroughly

mixed with the soil.

We filled fifteen 38 � 38 � 70 cm lysimeters per soil type with, from bot-

tom to top, a 10 cm layer of limestone gravel, a 20 cm layer of unamended

soil, and a 30 cm layer of either unamended soil, a homogeneous mixture of

soil with dried biosolid, or a mixture of soil with dried biosolid that was pre-

viously enriched in heavy metals (a total of 45 lysimeters, 5 replications per

treatment).

The biosolid application rate corresponded to 60 Mg ha�1 (850 g d.w per

lysimeter). Previous studies have shown this to be an adequate dose for woody

seedlings (Berry, 1977; Roldán et al., 1996). In February 2003 we planted one

1-year-old Pinus halepensis seedling per lysimeter. Seedlings came from a pub-

lic nursery (Sta. Faz, Alicante; Spain), 10 km from the area were the lysime-

ters were located. They were grown on 350 cm3 forest containers filled with

peat and cocopeat. At the time of planting, current year needles had not yet

flushed. The lysimeters were rainfed, except for two waterings applied at

planting, and in late summer (25 mm each).

Table 1

Basic physical-chemical properties of the three top soils used in the experi-

ment, and total soil concentration of Zn, Cu and Ni (extracted with aqua regia)

in control soils (C), soils amended with biosolid (SS), and soils amended

with biosolid enriched with heavy metals (SSM) (Toribio and Romanyà,

2005; in press)

Soil Treatment Marl Limestone Sandstone

Sand % 40 23 43

Silt % 40 34 40

Clay % 20 43 17

CEC cmol þ kg�1 3.8 10.0 3.9

CaCO3 % 51 15 4

pH (H2O) 8.4 8.4 5.9

TOC % 2.8 2.4 0.4

Cu Control mg kg�1 1.6 12.0 7.0

SS 3.3 14.0 8.0

SSM 24.0 44.0 31.0

Ni Control mg kg�1 6.3 29.0 16.0

SS 6.5 30.0 18.0

SSM 12.0 35.0 20.0

Zn Control mg kg�1 13.0 52.0 10.0

SS 17.0 56.0 14.0

SSM 66.0 122.0 64.0

Table 2

Biosolid properties before and after the application of a solution enriched with

Cu, Ni and Zn

pH 7.4

Moisture (%) 63

C (%) 32

N (%) 2.0

P (%P) 1.2

K (%K) 0.5

Ca (% Ca) 15

Mg (% Mg) 0.5

Fe (mg kg�1) 10 668

Unenriched Enriched

Cd (mg kg�1) <0.4 <0.4

Cu (mg kg�1) 101 2098

Ni (mg kg�1) 16 666

Pb (mg kg�1) 34 34

Zn (mg kg�1) 395 5377

Hg (mg kg�1) 2.6 2.6

Cr (mg kg�1) 53 53
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2.2. Soil measurements

We monitored soil volumetric water content by Time Domain Reflectom-

etry (TDR Tektronik 1502C Cable Tester) with one vertical set of probes (0 to

20 cm depth), and two horizontal sets of probes, at 20 cm and 35 cm depth,

respectively. By the end of the experiment, soil salinity (0e30 depth) was es-

timated from the electrical conductivity of extracts from a saturated soil-paste

(Rhoades, 1982), and soil pH (0e30 depth) was determined from a 1:2.5 (w/v)

solution of soil and deionized water. For further details of soil analyzes see

Toribio and Romanyà (2005; in press).

2.3. Evaluation of seedling performance

We evaluated seedling performance by measuring seedling morphology,

biomass allocation, gas exchange, chlorophyll fluorescence and concentration

of heavy metals in current-year stem and roots.

A Li-Cor 6400 portable closed photosynthesis system (Li-Cor Inc.

Nebraska, US) was used to measure photosynthetic rate (A) and transpiration

(E ). Gas exchange measurements were conducted once in May and twice in

August, before and after watering, in all seedlings. Sampled needles were

scanned to estimate needle surface area (see below). A portable fluorometer

PAM-2001 (Walz, Effeltrich, Germany) was used to measure photochemical

yield (fPSII) on the same dates.

In October 2003 we harvested all seedlings and carefully washed the root

system. We separated aboveground tissues grown during the experiment (here-

after ’new shoots’) from those grown in the nursery. Roots colonizing the soil

were separated from those confined in the original root plug. The needles of

the new shoots and the roots colonizing the soil were digitized by scanning

on an A3 flatbed scanner (HP Deskscan) fitted with a transparency adaptor

at 300 dpi, using an 8-bit grayscale. We analyzed the images with specific soft-

ware (WinRhizo, Regent Instruments, Québec, Canada) to obtain needle and

root surface area and length.

2.4. Heavy metal concentration in plant tissues

All biomass fractions were oven dried at 65 �C for two days and the dry

weight determined. Specific root length was calculated in the new roots colo-

nizing the soil, as the ratio between root length and root biomass, and specific

needle weight was calculated in the new shoots as the ratio between needle

biomass and needle surface area. The current year tissues were digested in

a heating block at 250 �C with a mixture of sulfuric acid and hydrogen perox-

ide (1:1, v:v) (Jones and Case, 1990). Digests were analyzed for Cu, Ni and

Zn by ICP-OES (Perkin Elmer Optima 4300 Inductively Coupled Plasma e
Optical Emission Spectrometry). Olea europaea leaf standard reference mate-

rials (BCR: CRM 062, Commission of the European Communities Bureaus of

Reference, Brussels) were digested and analyzed for quality control.

2.5. Statistical analysis

We used analysis of variance (soil type and biosolid amendment as fixed

factors, with three levels each) to evaluate treatment effects on seedling perfor-

mance. When results showed a significant treatment effect, we used Tukey’s

HDS test to establish pairwise comparisons between levels of each factor.

We used regression analysis to evaluate the degree of covariation between

dry weight and heavy metal concentration in new roots. All analyses were per-

formed by using SPSS 10.0 (SPSS Inc., 1999).

3. Results

3.1. Soil properties

After eight months, soil EC was higher in amended soils
than in control soils (F ¼ 53.49, P < 0.001). Anyway, EC
was always �2 dS m�1, hence no strong osmotic effect should
be expected. Heavy metal enrichment had no effect on soil
salinity. Treatments did not affect soil pH in any soil type
(F ¼ 2.20, P ¼ 0.139) (Table 3). Soil moisture was highest
on Limestone and lowest on Sandstone, according to expected
water holding capacity differences related to soil texture. We
found no overall effect of biosolid amendment on soil mois-
ture content. A significant Soil � Treatment interaction re-
flected that biosolid application significantly increased soil
moisture at the 20 cm depth in Limestone soils immediately
after watering (F ¼ 7.99, P ¼ 0.06) and seven days later
(F ¼ 7.99, P ¼ 0.006) (Fig. 1). One month later, soil moisture
content was still higher, but differences were marginally sig-
nificant (F ¼ 3.01, P ¼ 0.09).

3.2. Bioaccumulation of heavy metals

No effect was found of soil type on Cu and Ni concentra-
tion in new shoots, but seedlings planted on Limestone showed
higher Zn concentration in this biomass fraction. New shoots
concentration of Cu and Zn increased in seedlings amended
with enriched biosolid (Table 4). Significant increases ranged
from more than 100% (Cu in seedlings planted on Marl) to
less than 20% (Zn in seedlings planted on Limestone). Inter-
estingly, the unenriched biosolid application resulted in a trend
towards lower Cu and Zn concentrations in this fraction, which
was apparently compensated by the incorporation of heavy
metals in biosolid. We found no significant effect of the treat-
ments on Ni concentration in new shoots. Ni concentrations
were low, particularly in control seedlings planted on Marl,
where they were close to the detection limit (0.05 mg kg�1).

Cu, Zn and Ni concentrations in the current year tissues
were substantially higher in roots than in needles, particularly
in seedlings receiving enriched biosolid. The heavy metal con-
centration in both the new roots of seedlings planted on con-
trol soils and the soils amended with unenriched biosolid
was similar. Increases in the heavy metal concentration in

Table 3

Soil electrical conductivity in a saturated paste (EC) and pH eight months after planting on three Mediterranean forest soils with no amendment (C), amended with

biosolid (SS), and amended with biosolid enriched with metals (SSM)

Soil EC (dS m�1) pH

C SS SSM C SS SSM

Marl 0.79 � 0.03a 1.79 � 0.20b 1.94 � 0.16b 8.1 � 0.0a 7.9 � 0.1a 7.9 � 0.0a

Limestone 0.88 � 0.06a 2.07 � 0.19b 2.03 � 0.19b 8.0 � 0.0a 7.7 � 0.2a 7.9 � 0.0a

Sandstone 0.64 � 0.04a 1.42 � 0.12b 1.87 � 1.15b 7.2 � 0.2a 7.1 � 0.1a 7.1 � 0.2a

Means and standard errors of n ¼ 5 replicates are shown. Different letters within a single row indicate significant differences (P < 0.05).
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the new roots of seedlings amended with enriched biosolid
ranged from less than 100% (Zn on Sandstone) to a 17-fold in-
crease in the Cu concentration of plants growing on Marl. The
increased Ni concentration in roots of seedlings amended with
enriched biosolid was significant only on Marl.

3.3. Seedling physiology and morphology

Physiological status was strongly influenced by soil type.
Seedlings planted on Marl performed better than those planted
on Limestone or Sandstone during the peak of summer, as re-
flected by the higher net photosynthesis rate and photochemi-
cal yield (Fig. 2). During the period of maximum drought,
unenriched biosolid had a marginal negative effect on net pho-
tosynthesis (F ¼ 2.87, P ¼ 0.074). This effect disappeared in
plants amended with biosolid enriched in heavy metals. Sim-
ilarly, quantum yield was consistently higher in seedlings
amended with enriched biosolid than in those amended with
unenriched biosolid and control seedlings (F ¼ 6.283,
P ¼ 0.010).

Response to watering was highly dependent on soil type.
Net photosynthesis rate and quantum yield increased in seed-
lings planted on Sandstone after irrigation; thus, by the second

sampling date, photosynthesis rate and quantum yield were
higher in these seedlings than in those planted on Marl. Seed-
lings planted on Limestone showed no changes in physiolog-
ical status 5 days after watering.

We found no significant effect of soil type or treatment on
seedling physiological status in April, when growing condi-
tions were optimum (data not shown), or after the August
watering.

We found a significant effect of soil type on total biomass
accumulation, and a marginal effect of soil type on root collar
diameter (Table 5). Seedlings growing on soils developed from
Marl grew faster than seedlings planted on Limestone or Sand-
stone, and showed higher potential for soil colonization. Bio-
mass allocation belowground was also higher in seedlings
growing on Marl than in those planted on other soil types,
as reflected by a higher root weight ratio (RWR). Seedlings
planted on Marl showed higher specific root length.

We found no significant effect of enriched or unenriched
biosolid, on aboveground total biomass and morphology. The
significant Soil � Treatment interaction in root biomass accu-
mulation reflected the opposite effect of amendments on seed-
lings planted on Limestone (increased biomass in amended
seedlings) and Marl (decreased biomass in amended seedlings).

Marl
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Fig. 1. Changes in volumetric water content in the three soil types: amended with biosolid (triangles), biosolid enriched with heavy metals (white circles) and

unamended soil (black circles), at 20 cm depth. An experimental watering was applied on August 26th. Data represent means and standard errors of n ¼ 5.

Significances of ANOVA are explained in the text (*P < 0.1, **P < 0.01).

Table 4

Cu, Ni and Zn concentration in current year tissues of Pinus halepensis seedlings eight months after planting on three Mediterranean forest soils with no amend-

ment (C), amended with biosolid (SS) or amended with biosolid enriched with heavy metals (SSM)

Soil Treatment Cu (mg kg�1) Ni (mg kg�1) Zn (mg kg�1)

Shoot Root Shoot Root Shoot Root

Marl C 1.0 � 0.1 1.5 � 0.4 0.05 � 0.01 0.3 � 0.1 13.3 � 1.6 39.5 � 7.4

SS 1.6 � 0.2 7.8 � 0.8 0.05 � 0.01 0.8 � 0.2 14.8 � 1.8 44.4 � 11.3

SSM 2.2 � 0.2 25.8 � 3.2 0.05 � 0.01 5.1 � 0.5 20.9 � 1.2 86.0 � 6.2

Limestone C 1.4 � 0.2 3.3 � 0.6 0.66 � 0.53 1.1 � 0.4 20.3 � 2.2 40.0 � 4.6

SS 1.3 � 0.2 10.2 � 4.2 0.27 � 0.16 5.8 � 3.7 17.1 � 3.7 47.1 � 8.3

SSM 2.0 � 0.1 30.0 � 6.9 0.05 � 0.01 4.4 � 2.3 23.8 � 1.6 73.2 � 17.2

Sandstone C 2.0 � 0.3 4.6 � 1.2 0.70 � 0.31 2.8 � 1.3 18.2 � 1.5 47.3 � 8.4

SS 0.9 � 0.1 3.7 � 1.2 0.57 � 0.24 6.9 � 1.2 14.7 � 0.9 32.9 � 11.9

SSM 2.6 � 0.3 18.4 � 2.1 0.75 � 0.22 9.5 � 0.6 23.5 � 2.1 65.3 � 6.2

2-way ANOVA

Treatment 19.31** 42.38** 0.64 5.98* 11.39** 10.57**

Soil type 1.38 0.82 5.14 16.51** 3.36* 0.48

T � S 4.66** 3.26* 0.64 1.72 0.62 0.99

Means, standard errors of n ¼ 4e5 replicates and results of a two-way ANOVA are shown. Asterisks indicate significant differences at P < 0.005 (**) or P < 0.05

(*) (Tukey’s test, P < 0.05).
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Biomass of roots colonizing the soil was negatively af-
fected by the application of biosolid enriched in heavy metals
on Marl, but not on the other soil types (Fig. 3). The negative
relationship found between the EC in soils developed from
Marl and the amount of roots colonizing the soil
(r2 ¼ 0.639, P ¼ 0.001, n ¼ 14) suggests that root growth
was inhibited by salinity, perhaps by transient peaks in EC
not detected in the regular soil measurements. On the contrary,
we found a positive but weak relationship between salinity and
fine root accumulation in Limestone (r2 ¼ 0.323, P ¼ 0.02,
n ¼ 15).

We analyzed the relationship between the residuals of the
regression between root biomass colonizing the soil and soil
EC (when it was significant), and heavy metal concentration
in the same roots, to avoid interferences with the effect of

soil EC on root biomass. The relationship was negative and
statistically significant for Zn, and only marginally significant
for Ni, in seedlings planted on Marl (Table 6).

4. Discussion

Information on heavy metal contents in Pinus halepensis is
scarce. To our knowledge, critical levels for Cu, Zn and Ni
have not been established for seedlings of this species. Adequate
levels of these elements in plants range from 3 to 6 mg Cu kg�1,
27 to 150 mg Zn kg�1 and 0.1 to 6 mg Ni kg�1 (Boardman
et al., 1997; Kabata-Pendias and Pendias, 1992; Rademacher,
2001). Cu and Zn concentrations in needles of unamended
seedlings and seedlings amended with unenriched biosolid
(except for those planted on Sandstone) can be considered defi-
cient (Boardman et al., 1997; Kabata-Pendias and Pendias,
1992), or critical (Marschner, 1995), and they were well below
the toxicity levels suggested by Kabata-Pendias and Pendias
(1992) and Marschner (1995) (20e30 mg Cu kg�1 and 100e
300 mg Zn kg�1).

Ni concentrations in shoots were always very low, and did
not show significant responses to the addition of enriched or
unenriched biosolid. This is in agreement with the lack of
change in total Ni concentration in amended soils (Table 1).

Application of enriched biosolids increased foliar concen-
trations of Cu and Zn, but still the values were at the lower
limit of deficiency, and toxicity was unlikely. The form in
which the heavy metals were applied (i.e. as soluble salts;
Kiekens et al., 1984; Oudeh et al., 2002), may have contrib-
uted to these increases. Soil pH increased in Sandstone soils
throughout the course of the experiment, probably due to at-
mospheric inputs that are relatively high in this area (Carra-
talá, 1993; Sanz et al., 2002). Thus, our results may be valid
for slightly-to-highly carbonated soils, but not for acidic soils.
Soil pH has been described as the main factor controlling
heavy metal solubility in soils (Martı́nez and Motto, 2000;
Rieuwerts et al., 1998). Cu, Ni and Zn concentration in plants
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Fig. 2. Net photosynthesis (A) and photochemical yield (fPSII) in Pinus

halepensis seedlings amended with biosolid (light grey), biosolid enriched

with heavy metals (dark grey) or unamended (black bars). Measurements

were performed on August 11th during the peak of summer drought. Data rep-

resent means and standard errors of n ¼ 4e5.

Table 5

Morphology of Pinus halepensis seedlings grown for eight months on three Mediterranean forest soils with no amendment (C), amended with biosolid (SS) or

amended with biosolid enriched with heavy metals (SSM)

Soil Treatment Height (cm) Diameter (mm) Biomass (g d.w.) RWR Specific Root

Length (cm mg�1)

Specific Needle

Wt. (mg cm�2)
Shoot Root

Marl C 17.5 � 0.6 5.0 � 0.2 9.5 � 0.7 6.6 � 0.4 0.67 � 0.01 18.3 � 1.0 5.3 � 0.1

SS 16.3 � 0.9 5.2 � 0.1 8.5 � 0.9 5.6 � 0.4 0.64 � 0.01 18.7 � 1.3 5.1 � 0.1

SSM 15.9 � 0.5 5.2 � 0.2 8.1 � 0.5 5.2 � 0.2 0.63 � 0.01 20.8 � 1.2 4.8 � 0.2

Limestone C 16.8 � 0.7 4.6 � 0.3 7.1 � 0.4 4.4 � 0.2 0.61 � 0.02 14.6 � 1.6 5.4 � 0.2

SS 16.7 � 1.0 4.9 � 0.3 8.1 � 0.8 5.3 � 0.4 0.64 � 0.01 15.3 � 1.7 4.8 � 0.2

SSM 17.1 � 0.9 4.8 � 0.1 7.3 � 0.2 5.0 � 0.1 0.64 � 0.01 14.1 � 1.1 5.0 � 0.2

Sandstone C 16.1 � 0.8 5.1 � 0.2 6.8 � 0.7 4.1 � 0.4 0.59 � 0.03 14.1 � 1.1 4.8 � 0.3

SS 15.6 � 0.6 5.0 � 0.2 7.0 � 0.8 4.3 � 0.3 0.60 � 0.01 14.6 � 2.0 5.3 � 0.2

SSM 15.6 � 0.8 5.1 � 0.1 6.9 � 0.8 4.1 � 0.4 0.58 � 0.02 17.7 � 1.3 4.6 � 0.2

2-way ANOVA (F values)

Treatment 0.64 0.33 0.34 0.86 0.38 1.71 2.30

Soil type 1.65 2.96 5.49* 16.36** 11.30** 6.47** 0.88

T � S 0.35 0.19 0.63 2.66* 1.43 1.24 1.98

The root weight ratio (RWR) was calculated as the ratio between total root dry weight of the plant and total plant weight. Means, standard errors of n ¼ 4e5

replicates and results of a two-way ANOVA are shown. Asterisks indicate significant differences at P < 0.005 (**) and P < 0.05 (*) (Tukey’s test).
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on unamended soils suggest that bioavailability was higher on
Sandstone than on Limestone and Marl. Differences in pH,
clay and carbonate content may be responsible for these re-
sults (Garcı́a-Rizo et al., 1999; Martı́nez and Motto, 2000; Ro-
drı́guez-Rubio et al., 2003). But the increase in Cu and Zn
concentration in roots of seedlings amended with polluted bio-
solids was lower in those planted on Sandstone than in those
planted on more carbonated soils. Decreases in the heavy
metal concentration in seedlings after organic matter applica-
tion have been associated with sorption onto organic com-
pounds and inorganic fractions (Pascual et al., 2004; Rate
et al., 2004; Sánchez-Monedero et al., 2004). Results suggest
that the sewage sludge matrix buffered the release of sludge-
borne metals, or caused a reduction in the availability of
weaker-bound indigenous heavy metals in sandstone soil
(Merrington et al., 2003; Smith, 1996). The decrease in heavy
metal concentration in seedlings amended with unenriched
biosolids, particularly in those planted on Sandstone, provides
further support to this hypothesis.

In pines, heavy metal transport to shoots is commonly low
(Bargagli, 1998; Fuentes et al., 2003; Kukkola et al., 2000). In
the present experiment, heavy metal concentration in roots
was substantially higher than in shoots. Several mechanisms
may explain this, including immobilization of metals at the
cell wall-plasma membrane interface, and selective transport
(Kabata-Pendias and Pendias, 1992; Reichman, 2002). As a re-
sult, heavy metal concentration in needles was relatively low
even for seedlings amended with enriched biosolid.

Seedling ecophysiological status was slightly improved
during the driest period by heavy metal application, as re-
flected by the significant increase in photochemical efficiency
in needles of seedlings amended with enriched biosolids as
compared to those receiving unenriched biosolids. Cu and
Zn deficiency affects metabolic processes like photosynthesis
and respiration (Adams et al., 2000; Cakmak, 2000). Cu inter-
acts with PSII electron transport either directly, by participat-
ing in the electron transfer as a constituent of an electron
carrier, or indirectly, by controlling the membrane protein
composition within the PSII complex (Mysliwa-Kurdziel
et al., 2004). Thus, our results suggest that biosolids enriched
in heavy metals at the levels used in this study may have
a weak positive effect on plant ecophysiology by releasing
micronutrient limitation. This result is consistent with a general
trend towards increased Cu, Ni and Zn concentrations in the
needles of seedlings amended with enriched biosolids as
compared to those receiving unenriched biosolids, and agree
with the higher Cu, Ni and Zn leaching found by Toribio and
Romanyà (2005) in the soils amended with enriched biosolids.

The low response to biosolid application on biomass accu-
mulation and allocation and plant growth, was somewhat un-
expected as Pinus halepensis usually increases growth when
amended with biosolids at doses similar to the ones used in
the present experiment (Zagas et al., 2000). However, most
of the experiments with Pinus halepensis have been performed
under dry-to-subhumid climatic conditions. Under the semi-
arid conditions of the present experiment, low water availabil-
ity probably increased the concentration of soluble salts,
counterbalancing the positive effects resulting from organic
matter and nutrient inputs. The negative relationship found be-
tween the biomass of roots colonizing the soil and soil salinity
in soils developed from Marl supports this hypothesis. Heavy
metal addition had no effect on biomass accumulation and al-
location. This is in agreement with the relatively low heavy
metal concentration found in needles, and further supports
the idea that no toxicity levels were reached in any of the three
soils tested (Table 4). However, at this point we cannot ascer-
tain whether the negative effect of Zn and Ni on the biomass of
fine roots colonizing the soil was a result of incipient phyto-
toxicity, or a shift in biomass allocation patterns (i.e., reduced
biomass allocation belowground) as a consequence of the re-
leased micronutrient limitation (Chapin et al., 1987). It is
worth noting that in the current experiment biosolids were
thoroughly mixed with the soil. This is not feasible in regular
field plantations, and may have affected the outcomes of the
experiment (Fuentes et al., 2002).

5. Conclusions

Biosolids that may be rejected for agricultural uses due to
excess Cu, Ni and Zn, did not show toxicity effects on the
Pinus halepensis seedlings planted under the conditions of
this study. Toxicity by Cu, Ni and Zn seems unlikely at the
application rates presented in our study. Biosolid application
in ecological restoration differs from that in agricultural crops
and land reclamation. In the former, biosolid use may be
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Fig. 3. Biomass of roots colonizing the three soil types as affected by the ap-

plication of biosolids (light grey), biosolids enriched with heavy metals (dark

grey), or unamended (black). Data represent means � SE (n ¼ 4e5). Results

of a Tukey test (P < 0.05) are indicated by letters.

Table 6

Significance of the relationship between heavy metal concentration in new

roots and the residuals of the relationship between the biomass of roots colo-

nizing the soil and the electrical conductivity of soil extracts (EC)

Soil Cu Ni Zn

Marl r2 0.069 0.252 0.447

P 0.41 0.096 0.017

Limestone r2 0.042 0.002 0.011

P 0.483 0.866 0.706
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justified as a kick-off treatment to improve early growth in
planted seedlings, and it must be restricted in time (e.g., one
single application before planting), and space (application
not widespread, but confined in planting holes or lines) to pre-
vent undesirable effects of excessive disturbance. Thus, bio-
solid application in ecological restoration may have a lower
environmental impact than its use in agriculture. Furthermore,
in soils where low micronutrient availability is likely (weakly-
to-highly carbonated soils, high pH, semiarid climate), the use
of biosolids enriched in Cu, Ni and Zn may help to attenuate
micronutrient limitations, improving seedling ecophysiologi-
cal status. Biosolid enriched in Cu, Ni and Zn may affect eco-
systems at other levels, and thus, our results can not be directly
transferred to managers. But they indicated that plant perfor-
mance may not be impaired by the application of enriched bio-
solids within the range of conditions and application rates
tested in the present experiment.
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