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a b s t r a c t
Land degradation and desertiﬁcation is a common feature in Mediterranean landscapes due to extensive
and intensive land use and natural or man induced disturbances. The ecosystem may need external inputs
to recover its composition and function as soils are often impoverished and vegetal key stone species lost.
We evaluated the effects of the application of fresh and air-dried biosolids in the establishment and
morphological and physiological performance of seedlings of Pinus halepensis and Quercus ilex under dry
Mediterranean ﬁeld conditions. Seedling survival was not affected by biosolid treatments in any of the
studied species both two and ten years after planting. During the ﬁrst two years, growth was enhanced
by the two biosolid treatments in relation to control, although the change in the biomass allocation
pattern differed between species. Rooting depth was signiﬁcantly enhanced by liquid biosolid in Q. ilex and
marginally reduced in P. halepensis as well as the exploration of soil. As a consequence, root-to-shoot ratio
reduced signiﬁcantly with dry and liquid sludge due to promoted aboveground growth while maintaining
and even reducing belowground fractions. An improvement of the nutritional status, of fertilized seedlings
especially of phosphorus, is the explanation for the better ﬁeld performance. Vector analysis revealed an
important phosphorus limitation for both species that was overcome with the application of liquid (both
species) and air-dried biosolid (pine). The higher growth of pine seedlings attained in the liquid biosolid
treatment was coupled with a signiﬁcant decrease in foliar ␦13 C, suggesting lower water use efﬁciency.
The signiﬁcant increase in foliar ␦15 N in the biosolid treatments in both species suggested that a large
proportion of the total nitrogen uptake came from the applied biosolids. Instead, with regard to the low
biosolid application rate used in the study, treatments had an overall positive effect as a restoration tool
by improving nutritional status and promoting growth of planted seedlings.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Mediterranean landscapes have been extensively modiﬁed by
land use (Grove and Rackham, 2001). Over the last decades, forest
plantations and spontaneous colonization of marginal agricultural
land may have favored the increase in forest cover (either woodland
or shrubland) and ﬁre occurrence (Romero-Calcerrada and Perry,
2004; Vega-García and Chuvieco, 2006). When a disturbance such
as a ﬁre event takes place, the recovery of pre-disturbance ecosystem integrity may be too slow for society’s needs, and favor further
negative landscape processes such as erosion (Pausas et al., 2008).
Under these circumstances, restoration actions have been recommended to foster the establishment of keystone woody species,
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reassemble forest communities and improve ecosystem functioning (Cortina et al., 2006; Vallejo et al., 2006).
Degraded Mediterranean soils are often impoverished in
organic matter and nutrients (Martínez-Mena et al., 2002; Alguacil
et al., 2009) and the establishment of tree seedlings can be hampered by low availability of soil resources (Grogan et al., 2003;
Valdecantos et al., 2006). The application of organic amendments
may improve soil fertility and water availability, promote biological activity and facilitate seedling establishment (Henry et al.,
1994; García et al., 2000; Querejeta et al., 2001; Larcheveque et al.,
2006a). Sewage sludge has been widely used in agriculture and
commercial forestry, but its use for the restoration of degraded
Mediterranean areas is scarce and mostly restricted to the forestation of abandoned agricultural ﬁelds and severely damaged areas
such as minesites (Navas et al., 1999; Brofas et al., 2000; Jorba and
Andrés, 2000; Ojeda et al., 2003). A few experimental applications
of sewage sludge in burned areas suggest that they can be used
to foster the establishment of target species (Larcheveque et al.,
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2006a, 2010; Fuentes et al., 2010). However, degraded rangelands
differ from crops and old-ﬁelds because accessibility is commonly
lower, topography steeper and uneven, and soils are shallower and
stony. In addition, vegetation cover and the level of ecosystem functioning are higher in degraded rangelands, and it may be valuable
to preserve and use them to improve restoration success (GomezAparicio et al., 2005; Cortina et al., 2006). Differences in land use
and degree of ecosystem damage constrain management options
for sewage sludge application and affect their costs (Fuentes et al.,
2007a).
In areas subjected to seasonal drought, seedling response to
sewage sludge may be further affected by its interaction with water
availability and the negative consequences related to drought
overcome the positive ones derived from organic amendments
(Larcheveque et al., 2010). Sewage sludge may contain water and
help seedlings to cope with transplant shock and reach deep soil
horizons before the onset of summer drought (O’Dell and Claasen,
2006; O’Dell et al., 2007). Organic amendments may also increase
water storage capacity and water availability by modifying soil
structure and inﬁltration rate (Querejeta et al., 2000). Conversely,
sewage sludge may increase soluble salt content and promote
physiological drought (Fuentes et al., 2007b). Finally, increased
nutrient availability may induce changes in seedling morphophysiological traits that may either favor (Trubat et al., 2006) or
compromise (Graciano et al., 2006) seedling ability to withstand
drought. The isotopic composition of plant tissues is an interesting
tool in order to indirectly assess plant functioning in an integrate
way. Foliar ␦13 C has been proposed as an analogue variable to
integrated water use efﬁciency (WUE) (Farquhar et al., 1989) as
it integrates photosynthesis rates since leaf outbreak. On the other
hand, the depuration process of wastewaters produces enriched
15 N biosolids as by-product (Wang et al., 2004). The assessment
of foliar ␦15 N represents an approach to determine the amount of
absorbed N coming from the organic amendments (Querejeta et al.,
2008).
Seedlings of tree species respond to changes in resource availability in contrasting ways, depending on life traits and resource
demands. For instance, Canham et al. (1996) found that at different light levels, Pinus strobus seedlings responded positively to
increased amounts of water and nutrients, whereas in the same
experiment, increased nitrogen supply did not promote growth in
Quercus rubra seedlings. Species also differ in their ability to allocate
biomass belowground in response to changes in soil resource availability and the magnitude of change in allocation pattern is related
to the degree of tolerance to other aboveground disturbances and
resources (Portsmuth and Niinemets, 2007). Similarly, species of
fertile sites reduce the root:shoot ratio with nutrient enrichment
more intensely than species typical of low fertility sites (Lusk et al.,
1997). Shallow-rooting Mediterranean species are more sensitive
to increased soil fertility than deep-rooting species (Larcheveque
et al., 2010).
Pinus halepensis and Quercus ilex are among the most frequently
used tree species for the restoration of degraded areas in the
Western Mediterranean basin (Pausas et al., 2004). Planting success is highly heterogeneous for both species, depending on site
quality, interspeciﬁc interactions, climatic conditions and seedling
quality (Castro et al., 2004; Del Campo et al., 2007; Valdecantos
et al., 2009). Survival of P. halepensis seedlings is commonly higher
than that of Q. ilex, and may be substantially improved by soil
preparation techniques aimed at increasing soil fertility and water
availability (Querejeta et al., 2001; Navarro Cerrillo et al., 2005; Del
Campo et al., 2006). Q. ilex is a relatively drought-tolerant species
as it keeps stomata open under mild drought (Damesin et al.,
1998). Comparatively, P. halepensis behaves as a drought-avoiding
species, showing early stomatal closure and residual transpira-
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Table 1
Physical features and soil properties of the three planting sites.
Planting site

Latitude
Longitude
Elevation (m a.s.l.)
Total plant cover (%)
pH (H2 O)
Organic matter (%)
Total N (%)
Total CO3 (%)
P available (ppm)

Bolinches

Cabello

Gachas

39◦ 00 N
0◦ 54 W
950
66
8.4
1.6
0.10
37.4
4.3

38◦ 59 N
0◦ 57 W
1000
71
8.0
4.3
0.21
10.8
8.1

39◦ 01 N
0◦ 55 W
950
61
8.3
3.7
0.16
29.9
6.3

tion (Levitt, 1980; Borghetti et al., 1998; Villar-Salvador et al.,
2005).
Both P. halepensis and Q. ilex are sensitive to nutrient inputs
(Sardans et al., 2006), but their response to the application of
organic amendments at planting depends on amendment type and
dose, and soil and climatic conditions. So, P. halepensis responds
rapidly to organic amendments (Valdecantos et al., 1996; Barberá
et al., 2005; Fuentes et al., 2010) and inorganic fertilization (Sardans
et al., 2005). In contrast, Q. ilex response to fertilization is highly heterogeneous, ranging from reductions to increases in growth rate
(Seva et al., 1996; Pardos et al., 2005; Sardans et al., 2006). Commonly, the effect of enhanced nutrient supply on Q. ilex is lower
than the effect on P. halepensis (Broncano et al., 1998; Larcheveque
et al., 2006b)
Recommendations on the use of sewage sludge in the restoration of degraded Mediterranean rangelands are thus hampered by
the interactions between sludge, soil and plants. More information is needed to understand the effects of sewage sludge on the
establishment of tree species before they can be efﬁciently used at
a management level. With this aim, we carried out a ﬁeld experiment to evaluate the response of seedlings of P. halepensis and Q.
ilex to sewage sludge application, and explore the drivers of such
response. Our hypotheses are that (1) sewage sludge application
improves seedling survival and growth, modifying biomass allocation patterns, and (2) the magnitude of these responses is higher
in P. halepensis than in Q. ilex.

2. Materials and methods
2.1. Study area
Three experimental plots were located in an inland area in
Ayora (Valencia, Eastern Spain) at an altitude of 950–1000 m a.s.l.
(Table 1). The area has dry meso-Mediterranean climate (357 mm
and 15.1 ◦ C total annual precipitation and mean monthly
temperature, respectively; 1990–2000 Ayora weather station, Confederación Hidrográﬁca del Júcar). Plot size is 0.3 ha, and plots are
more than 2 km away from each other. Plots were located in a
ﬂat area (5–16% slope), on shallow, alkaline soils, developed from
marl. Soil organic matter contents and available P are low, especially in Bolinches site (Table 1), but however they fall within the
lowest part of the range found in the bibliography (Lucas-Borja
et al., 2010). Since 1979, the area was affected by several wildﬁres, the last one occurring before the onset of the study in 1991.
A low and sparse shrubland (less than 45 cm height and 61–71%
plant cover) dominated by obligate seeder species such as Rosmarinus ofﬁcinalis L., Ulex parviﬂorus (Pourr.), and Cistus spp. cover
the area. Spontaneous recruitment of P. halepensis and Q. ilex is
scarce.
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Table 2
Main physico-chemical properties of the sewage sludge used in the experiment and
limit values for concentrations of heavy metals in sludge for use on land established
by the EU Directive 86/278/EEC.
Sewage sludge applied
Ashes (%)
Organic matter (%)
Total N (%)
Total P (%)
Fe (ppm)
Cu (ppm)
Zn (ppm)
Ni (ppm)
Cd (ppm)
Cr (ppm)
Pb (ppm)
Hg (ppm)

71
29
5.6
2.0
3938
220
803
16
0.3
27
68
<0.05

Directive 86/278/EEC

1000–1750
2500–4000
300–400
20–40
–
750–1200
16–25

Table 3
Survival (%) of Pinus halepensis and Quercus ilex seedlings 20 months and ca. ten years
after planting in a degraded Mediterranean area as affected by biosolid application
(mean and standard error of n = 3 planting sites).
Treatment

Control
Air-dried biosolid
Liquid biosolid

A 20 cm diameter by 40 cm depth auger was used to dig planting holes in February 1997. The experimental treatments included
the application liquid sewage sludge (LS), air-dried sewage sludge
(DS), and no amendment (Control; CO). Sludge was produced in a
nearby domestic waste water treatment plant and showed low contents of heavy metals (Table 2). Dry biosolids were obtained by air
drying sewage water on sand beds until moisture content was ca.
15%. Liquid biosolid (1.4% dry matter) was applied at the bottom of
the planting holes before planting, whereas air-dried biosolid was
deposited on the topsoil surrounding the planting holes after they
were ﬁlled. Application rate was equivalent to 10 Mg dry weight
ha−1 for both amendments. In spring 1997, 50 (control and liquid
biosolid) or 25 (dry biosolid) one-year old seedlings of P. halepensis
Mill. and Q. ilex L. were planted on separate holes in each experimental plot (i.e., 125 seedlings per species and plot).
Seedling stem height and root collar diameter were measured
in all surviving individuals every two months from March 1997
to October 1998 (except in November 1997). A ﬁnal survivorship
analysis was carried out in December 2006. In October 1998, we
conducted a destructive sampling of ﬁve seedlings per species and
treatment (total n = 30) in one of the sites (Gachas). We carefully
excavated the root systems and measured maximum rooting depth
and lateral expansion, to infer the soil volume explored by roots.
Seedlings were taken to the lab, separated into above and belowground fractions, washed with distilled water and oven-dried at
60 ◦ C for 48 h. Subsamples of current-year leaves and needles were
counted and weighed to calculate mean leaf and needle weight, and
analyzed for nutrient content and concentration. Ground samples
were digested with concentrated H2 SO4 and H2 O2 (30%, v/v). We
determined N concentration by using semi-micro-Kjeldahl distillation (Tecator Kjeltec Auto 1030 Analyzer, Hogana, Sweden), and
P and K concentration by ICP spectrometry (Perkin Elmer Optima
3000, Perkin Elmer Corp., Norwalk, CT, USA). Leaf and needle nutrient content was estimated as the product of foliar dry weight
by nutrient concentration. We applied vector analysis (Weetman,
1989) to visualize the effect of biosolid application on nutritional
status.
Ground foliar tissues from ﬁve seedlings of each species
X treatment combination were analyzed for 15 N and 13 C by
continuous-ﬂow direct combustion and mass spectrometry using
a Europa Scientiﬁc SL-2020 system (Stable Isotope Lab, Utah State
University, Logan, UT, USA). Results are expressed as ␦15 N and ␦13 C
relative to the atmospheric N2 and Pee Dee Belemnite (PDB). These
isotopic analyses were used to evaluate integrated water use efﬁciency (13 C) and the use of N derived from the biosolid (15 N; Wang
et al., 2004; Querejeta et al., 2008). We estimated the proportion of

Quercus ilex

October
1998

December
2006

October
1998

97 (2)
99 (2)
93 (7)

74 (14)
70 (13)
64 (13)

88 (6)
96 (2)
91 (7)

December
2006
43 (16)
51 (12)
48 (7)

foliar N supplied by the biosolid by using the equation by Powlson
and Barraclough (1993):
F=

2.2. Experimental design and seedling performance

Pinus halepensis

T (AS − AB )
AF

where F is the weight of foliar N derived from the biosolid, T is
the foliar N content, and A is the atom percentage excess of the
foliar sample of amended seedlings (S ), control seedlings (B ) and
the biosolid (F ). As AF we took a value of +15 (Heaton, 1986).
2.3. Data analysis
The effect of biosolid application and planting site on survival
rates was evaluated using log-linear models (2 ). Changes in stem
height and root collar diameter of the surviving individuals at the
end of the experiment were log-transformed to homogenize variances and analyzed by repeated measures ANOVA with one within
subjects factor (time), and two between subjects factors (biosolid
application and planting site) at three levels each. Because the
sphericity assumption was not met, the Greenhouse–Geisser correction was used to adjust the degrees of freedom (Ott, 1988).
Biomass accumulation and allocation patterns, maximum rooting depth and extension, and nutrient concentration and contents
and foliar carbon and nitrogen isotopic composition were analyzed
by one-way ANOVA (with biosolid application as a ﬁxed factor at
three levels). Nutrient concentrations were log-transformed when
needed to avoid heteroscedasticity. Pairwise comparisons were
performed by using Tukey’s HSD test when ANOVA results showed
signiﬁcant factor effects. All analyses were carried out by using SPSS
v.15.0 statistical package (SPSS Inc., Chicago, IL, USA).
3. Results
3.1. Seedling performance
Seedling survival after the second summer in the ﬁeld was
higher than 88% (Table 3) and was not affected by biosolid application (2 = 4.21, p = 0.239 and 2 = 3.65, p = 0.301 for Q. ilex and P.
halepensis, respectively). Planting site affected the establishment of
both species (2 = 24.14, p < 0.0001, and 2 = 36.13, p < 0.0001 for Q.
ilex and P. halepensis, respectively). No site x treatment interaction
was observed in any of the two species. Ten years after planting,
survivorship in P. halepensis ranged between 64 and 74% while in
Q. ilex was between 43 and 51%. We did not observe effects of the
biosolid treatment in any of the two species (2 = 4.55, p = 0.103 and
2 = 0.91, p = 0.635 for P. halepensis and Q. ilex, respectively). The
effect of the planting site was still signiﬁcant in the survival rates
of both species (2 = 53.03, p < 0.0001, and 2 = 39.96, p < 0.0001
for P. halepensis and Q. ilex, respectively). A signiﬁcant planting
site x treatment interaction was recorded in holm oak survival
(2 = 10.43, p = 0.034) as biosolid application signiﬁcantly improved
the survival rates in Cabello. This is the site that showed the lowest
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Fig. 1. Changes in stem height of Pinus halepensis (left) and Quercus ilex (right)
seedlings as affected by liquid and air-dried biosolid (means and standard errors
are shown). Seedlings were planted in February 1997. Different letters indicate
signiﬁcant differences in repeated-measures ANOVA (p < 0.05).

survival percentages (11.4, 28.0 and 34.0% in control, air-dried and
liquid sludge, respectively, in December 2006).
Stem height of P. halepensis and Q. ilex was higher in seedlings
receiving biosolids than in unamended seedlings (Fig. 1, Table 4).
Results for basal diameter were similar (data not shown). For
example, pines amended with liquid biosolid showed 6 and 11%
increases in stem height and root collar diameter, respectively, as
compared to unamended seedlings. The planting site showed a signiﬁcant effect on seedling performance but species differed in their
response. The site showing highest growth rates for P. halepensis
was Gachas, and the one showing the lowest was Cabello. In contrast, Q. ilex showed higher basal diameter in Cabello than in Gachas
and Bolinches. The effect of biosolid application on seedling growth
changed through time, as seedling size was promoted during the
ﬁrst growing season due to treatments and no further increase was
recorded thereafter.
3.2. Root growth and biomass partitioning
Two summers after planting, maximum rooting depth was
almost 40% higher in Q. ilex seedlings receiving liquid biosolid at the
bottom of the planting hole than in unamended seedlings (Fig. 2).
Root lateral extension was slightly higher in seedlings receiving liquid biosolid and lower in those receiving air-dried biosolid (27.8 vs

Fig. 2. Maximum rooting depth (left) and maximum root lateral extension (right)
of Pinus halepensis and Quercus ilex seedlings 20 months after planting as affected by
biosolid application (mean and standard error of n = 5 seedlings). Different letters
for a given species correspond to signiﬁcant differences between treatments (Tukey
HSD, p < 0.05).

22.4 cm, respectively, F = 1.09, p = 0.354). Maximum rooting depth
of P. halepensis seedlings showed no signiﬁcant response to biosolid
application, but amended seedlings showed a marginally significant trend towards shallower roots that remained closer to the
root plug (33.2 vs 54.6 cm of lateral extension in liquid biosolid and
control seedlings, respectively, F = 2.84, p = 0.098).
Aboveground biomass of pines amended with liquid sludge was
signiﬁcantly higher than in control seedlings (Table 5). The same
trend was observed in oaks, but differences were not statistically
signiﬁcant. We found no effect of biosolid application on belowground biomass accumulation. As a result, the root-to-shoot ratio
showed a sharp reduction with the application of organic amendments in P. halepensis, but not in Q. ilex.
3.3. Nutritional status
Foliar nitrogen concentration was always below 10 mg g−1 and
7 mg g−1 in P. halepensis and Q. ilex, respectively. Liquid biosolid
increased P concentration in P. halepensis seedlings by more than 2fold, whereas in Q. ilex seedlings increased from 0.58 to 0.78 mg g−1
(Table 6). Mean leaf weight in Q. ilex seedlings amended with dry
and liquid sludge was 66 and 90% higher, respectively, than in
control seedlings. Foliar P content was also higher in amended
seedlings than in control seedlings. Other nutrients showed the
same trend but differences were not statistically signiﬁcant. Vector
analysis showed that unamended P. halepensis seedlings were limited by phosphorus, but nitrogen and potassium were sufﬁcient,

Author's personal copy

1354

A. Valdecantos et al. / Ecological Engineering 37 (2011) 1350–1359

Table 4
Results of the repeated measures ANOVA to evaluate the effect of biosolid application and planting site on stem height of Pinus halepensis and Quercus ilex seedlings.
Between subjects

Pinus halepensis

Biosolid (B)
Site (S)
B×S
Error
Within subjects

Time
Time × B
Time × S
Time × B × S
Error

Quercus ilex

df

F

p

df

F

p

2
2
4
311

15.29
43.91
0.65

<0.001
<0.001
0.628

2
2
4
313

8.52
2.33
0.79

<0.001
0.099
0.534

Pinus halepensis

Quercus ilex

df

F

p

G-Gp

df

F

p

G-Gp

8
16
16
32
2488

2051.7
4.2
9.2
1.5

<0.001
<0.001
<0.001
0.032

<0.001
0.003
<0.001
0.151

8
16
16
32
2504

661.9
2.6
4.8
1.6

<0.001
0.001
<0.001
0.023

<0.001
0.033
<0.001
0.124

G-Gp: p value after applying the Greenhouse–Geisser estimation by adjusting the degrees of freedom.

Table 5
Biomass partitioning of Pinus halepensis and Quercus ilex seedlings 20 months after planting as affected by biosolid application (mean and standard error of n = 5 seedlings,
and results of the one-way ANOVA). Different letters for a given species correspond to signiﬁcant differences between treatments (Tukey HSD, p < 0.05). R:S = root-to-shoot
ratio.
Aboveground biomass (g)

Belowground biomass (g)

Total biomass (g)

R:S

Pinus halepensis

Control
Air-dried sludge
Liquid sludge

15.2 (0.5)a
17.2 (2.1)ab
22.2 (2.2)b
F = 4.047
p = 0.045

9.2 (0.6)
7.3 (0.9)
9.0 (0.7)
F = 1.939
p = 0.186

24.4 (0.5)
24.5 (3.0)
31.2 (2.5)
F = 2.993
p = 0.088

0.61 (0.05)a
0.43 (0.02)b
0.42 (0.05)b
F = 6.311
p = 0.013

Quercus ilex

Control
Air-dried sludge
Liquid sludge

5.6 (0.2)
8.2 (1.8)
10.6 (1.9)
F = 2.571
p = 0.118

9.3 (0.9)
11.2 (2.5)
13.3 (1.1)
F = 1.433
p = 0.277

14.9 (0.9)
19.5 (4.1)
23.9 (2.9)
F = 1.501
p = 0.262

1.66 (0.19)
1.41 (0.22)
1.37 (0.19)
F = 0.600
p = 0.565

and did not limit seedling growth (Fig. 3). Phosphorus was also
limiting for Q. ilex seedlings. The decrease in foliar K concentration
with an increase in foliar K content and mean leaf weight suggests
a dilution of this nutrient in Q. ilex seedlings after liquid biosolid
application.
3.4. Isotopic composition of leaves and needles
Values of ␦13 C varied within a narrow range (<1‰) in each
species. Despite of this, differences between the two types of
biosolid application were signiﬁcant in P. halepensis (F = 4.08,
p = 0.045); seedlings amended with air-dried biosolid showed
higher water use efﬁciency than those receiving liquid biosolid
(Table 7). Amended Q. ilex seedlings showed a trend towards higher
water use efﬁciency than unamended ones, but it was not statistically signiﬁcant.

Biosolid application, especially when applied in liquid form,
signiﬁcantly increased ␦15 N in both species (F = 69.02, p < 0.0001
and F = 22.10, p < 0.0001 in P. halepensis and Q. ilex, respectively;
Table 7). We estimated that 54–68% of foliar N of Q. ilex seedlings
was supplied by the biosolid (air-dried and liquid biosolid, respectively) whereas the proportion of the foliar N derived from biosolids
was 46 and 44% in P. halepensis receiving air-dried and liquid
biosolid, respectively.

4. Discussion
4.1. Seedling survival
Seedling establishment was very successful in the ﬁrst two
years, especially for Q. ilex. Early seedling mortality in this species

Table 6
Leaf and needle nutrient concentration and weight of Pinus halepensis and Quercus ilex seedlings 20 months after planting as affected by biosolid application (mean and
standard error of n = 5 seedlings, and results of the one-way ANOVA). Different letters for a given species correspond to signiﬁcant differences between treatments (Tukey
HSD, p < 0.05).
N (mg g−1 )

P (mg g−1 )

K (mg g−1 )

Mean leaf weight (mg)

Pinus halepensis

Control
Air-dried sludge
Liquid sludge

9.8 (0.8)
9.2 (0.8)
9.5 (0.4)
F = 0.228
p = 0.800

1.1 (0.1)a
1.9 (0.2)b
2.5 (0.2)c
F = 16.896
p = 0.000

2.4 (0.2)
2.7 (0.3)
2.4 (0.3)
F = 0.282
p = 0.759

3.73 (0.61)
4.47 (0.65)
4.36 (0.72)
F = 0.364
p = 0.702

Quercus ilex

Control
Air-dried sludge
Liquid sludge

6.5 (0.4)
6.8 (0.5)
6.6 (0.2)
F = 0.123
p = 0.886

0.6 (0.1)
0.6 (0.0)
0.8 (0.1)
F = 1.859
p = 0.198

4.7 (1.6)
5.1 (0.7)
2.8 (0.4)
F = 1.407
p = 0.283

31.7 (6.4)
52.7 (9.7)
60.4 (16.5)
F = 1.637
p = 0.235
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Table 7
Carbon and nitrogen isotopic composition of needles of Pinus halepensis and leaves of Quercus ilex seedlings as affected by biosolid application. Means and standard error of
n = 5 seedlings are shown. Different letters for a given species correspond to signiﬁcant differences between treatments (Tukey HSD, p < 0.05).
␦13 C (‰)

␦15 N (‰)

Pinus halepensis

Control
Air-dried sludge
Liquid sludge

−25.7 (0.2)ab
−25.5 (0.3)b
−26.4 (0.2)a

−5.4 (0.4)a
0.7 (0.5)b
2.2 (0.6)b

Quercus ilex

Control
Air-dried sludge
Liquid sludge

−28.5 (0.6)
−27. 8 (0.4)
−27.7 (0.7)

−6.7 (0.9)a
−1.7 (0.7)b
2.0 (1.2)c

can be very high, even in set-aside agricultural areas with deep
soils (Villar-Salvador et al., 2004; Rey Benayas et al., 2005). Mortality of P. halepensis seedlings can also be high, although it is usually
lower than for Q. ilex (Valdecantos et al., 2006; Del Campo et al.,

Pinus halepensis
Relative Needle Weight

100

260
Liquid Biosolid
Air-dried Biosolid
Control

Relative Nutrient Concentration

240

P

117
120

220
200
180
P
160
140
120
K

100
N

80
100

NK
120

140

160

180

200

220

240

260

280

Relative Nutrient Content

Quercus ilex
Relative Leaf Weight
191

166

100

140

Relative Nutrient Concentration

P
120
K
N
P

100

N

2007). However, survival in the long term fell to around 70 and
50% in Aleppo pine and holm oak, respectively, but these ﬁgures
are often found in the literature (Fuentes et al., 2007a). For instance,
Rey Benayas (1998) recorded survival rates around 50% three years
after planting Q. ilex seedlings in a set-aside agricultural ﬁeld, and
Pausas et al. (2004) reported survival rates 7.5 years after planting
between 40 and 60% for both Aleppo pine and holm oak seedlings
planted in soils developed form marls as in our study. The three
selected planting sites share many features, like ﬁre and land use
history, geomorphology, and vegetation composition and cover.
But despite their apparent uniformity, seedling survival and growth
differed signiﬁcantly among the three planting sites. None of the
site properties measured could explain these differences, which
may result from subtle differences in climate and/or soil properties as observed in other studies (Maestre et al., 2003). Despite the
signiﬁcance of this factor, we found no interaction between site
and sewage sludge application for seedling survival and growth,
indicating that the effect of sewage sludge did not depend on
site conditions within the range of variability of the present
study.
Sewage sludge application has shown positive, negative or
no effect on seedling survival (Sheedy, 1997; Larcheveque et al.,
2006b; Fuentes et al., 2007a,b, 2010). Contrasting results may
arise from differences in application rate, species sensitivity to
nutrient availability and soil salinity, and soil and climate conditions. As mentioned before, survival rates were high in unamended
seedlings, suggesting that growing conditions during the two years
after planting were relatively mild. Thus, they probably promoted
positive effects of sewage sludge application and reduced negative ones, such as those derived from increased soil salinity
(Fuentes et al., 2010). In addition, application rates in the present
study were low as compared to other studies (Román et al., 2003;
Larcheveque et al., 2006a, 2010; Fuentes et al., 2007a, 2010), probably reducing the risk of increased soluble salt content in the
soil.
4.2. Seedling growth, biomass allocation and soil colonization

80

60

Liquid Biosolid
Air-dried Biosolid
Control

K

40
100

120

140

160

180

200

220

240

260

280

Relative Nutrient Content
Fig. 3. Graphical vector analysis describing the response of Pinus halepensis and
Quercus ilex seedlings to biosolid application. Data from control seedlings (black
triangles) were used as reference (value of 100 for average leaf or needle weight,
nutrient content and concentration). They correspond to 9.8 mg N g−1 , 1.1 mg P g−1 ,
2.4 mg K g−1 , 3.7 mg of needle weight for P. halepensis, and 6.5 mg N g−1 , 0.6 mg P g−1 ,
4.7 mg K g−1 , 31.7 mg of leaf weight for Q. ilex. Diagonal isolines correspond to foliar
dry weight.

The effects of organic amendments on plant growth may last,
at least, as much as those obtained by commercial inorganic fertilizers (Zasoski et al., 1983; Miller, 1990; Hasselgren, 1998). Studies
on the application of sewage sludge at planting in Mediterranean
areas are scarce (Valdecantos et al., 2004). As for survival, there
are evidences of increased and decreased seedling growth after
sewage sludge application (Larcheveque et al., 2006b; Fuentes
et al., 2007a). Negative effects of sewage sludge on seedling
growth are commonly associated to high application rates. As
a general rule, rates above 40 Mg ha−1 are not recommended
in this type of application (Fuentes et al., 2010), a rate that is
well above the one used in the present study. Other organic
amendments, such as urban solid wastes, commonly promote
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seedling growth, an effect that has been attributed to improved
soil water holding capacity and soil fertility (García et al., 2000;
Querejeta et al., 2001; Caravaca et al., 2002, 2003; Barberá et al.,
2005).
The increase in the amount of biomass allocated belowground is
a common response to low nutrient availability (Poot and Lambers,
2003). In contrast, changes in water availability commonly result in
weak alterations of biomass allocation patterns (Poot and Lambers,
2003; Cortina et al., 2008). Our results suggest that the application of sewage sludge increased soil resource availability, to the
point of reducing biomass allocation belowground in P. halepensis.
The trend was similar in Q. ilex, but it was not statistically signiﬁcant. Results of the foliar nutrient analysis and ␦13 C data support
this observation, and suggest that P deﬁciency, which is common in highly carbonated soils (Carreira et al., 1997; Valdecantos
et al., 2006), was the main nutrient deﬁciency alleviated by sewage
sludge.
The increase in rooting depth found in sludge-amended
seedlings of Q. ilex did not affect survival rates in the ﬁeld. However, it may affect future ability to withstand drought, as rooting
depth is strongly related to seedling survival under Mediterranean
conditions (Lloret et al., 1999; Padilla and Pugnaire, 2007). Q.
ilex develops a taproot with a marked orthogeotropic development (Pemán et al., 2006), even after nursery pruning (J. Monerris,
Univ. of Alicante, unpubl. data). Biosolids, when applied at the
bottom of the planting hole, promoted this growing pattern
by increasing nutrient availability or reducing soil resistance to
penetration.
The soil volume explored by roots as deﬁned by lateral extension and rooting depth was more than 3 fold higher in unamended
P. halepensis seedlings than in those amended with liquid sewage
sludge. Seedling root density was probably higher when seedlings
received liquid sewage sludge, as total belowground biomass was
similar in all cases. Increases in root density after the application of
organic amendments have been described elsewhere (Mou et al.,
1997).
4.3. Nutrient uptake and status
Sewage sludge application had a strong effect on P nutrition of
both species studied. In contrast, its effect on nitrogen status was
never signiﬁcant. This does not mean that N was not supplied by
sewage sludge or used by growing seedlings, as shown by isotopic
measurements. Organic refuses usually contain high 15 N content,
and ␦15 N enrichment of leaves and needles can be used as a tracer
of N added with the biosolids (Wang et al., 2004). In our study, foliar
N isotopic composition was sensitive to the application of sewage
sludge, as ␦15 N substantially increased in amended seedlings as
compared to unamended ones. Similar results have been observed
after the application of liquid biosolids in Pinus radiata plantations
in New Zealand (Wang et al., 2005) and composted urban refuse in
P. halepensis plantations in SE Spain (Querejeta et al., 2008), suggesting that a substantial amount of plant N uptake originates from
organic amendments. We estimated that up to 2/3 of the foliar
N of P. halepensis and Q. ilex was sourced from biosolids. Spontaneous vegetation probably beneﬁted from nutrient inputs in the
sewage sludge (Wang et al., 2005), although the localized application may have reduced this impact as compared to broadcast
applications.
Fertilization frequently results in a decrease in foliar concentration of those nutrients that are added at a lower rate, and may
lead to nutrient imbalances (George and Seith, 1998; Fuentes et al.,
2007a). The observed reduction in K concentration of Q. ilex leaves
after liquid biosolid application was probably the result of dilution, as leaf growth was promoted while little extra K was supplied

because the depuration process removes large quantities of K from
sewage sludge (Mengel and Kirkby, 1987). This effect has been
observed after inorganic P fertilization of adult Q. ilex (Sabaté and
Gracia, 1994).
4.4. Water use efﬁciency
The ␦13 C values of P. halepensis needles were lower than those
reported in the literature for this species (Peñuelas et al., 1999;
Klein et al., 2005; Querejeta et al., 2008) but similar to those
observed under irrigation (Klein et al., 2005). Needle carbon isotopic composition of this species is sensitive to increases in soil
water availability, with decreases of up to 4‰ of ␦13 C when supplemented with water (Klein et al., 2005). This is above the change
observed in the present study (i.e., <1‰). But despite the small
change in 13 C induced by sewage sludge application, differences
between seedlings receiving liquid and air-dried sewage sludge
were signiﬁcant, suggesting that liquid sewage sludge decreased
water use efﬁciency (low stomata control) and/or a higher water
stress in air-dried sludge amended seedlings (stomata closure).
This may be a direct result of irrigation at planting, or an indirect
effect of changes in biomass allocation and nutritional status. It is
interesting to note that P. halepensis seedlings receiving liquid and
air-dried sewage sludge did not differ in biomass accumulation,
biomass allocation or rooting depth, but only in needle P concentration. As a general trend, increased nutrient availability (Fernández
et al., 2006; Brueck et al., 2010) and leaf P concentration (Querejeta
et al., 2003) has been related to higher water use efﬁciency, a trend
that was not supported by our data.
Damesin et al. (1998) observed that a decrease in minimum
predawn water potential of −4 MPa in Q. ilex and Q. pubescens
would induce an increase of 0.7‰ in ␦13 C. It has been proposed
that shallow-rooting species develop higher water use efﬁciency
during drought periods than deep-rooting species (Valentini et al.,
1992). But our results do not support a clear relationship between
rooting depth and water use efﬁciency. We observed that less negative ␦13 C values were recorded in those treatments that reached
deeper soil horizons, i.e. control for P. halepensis and liquid sewage
sludge for Q. ilex. But treatment effects were not statistically
signiﬁcant for rooting depth in P. halepensis and isotopic composition in Q. ilex. Differences in rooting depth between treatments
(≈10 cm) may not be sufﬁcient to affect water use efﬁciency at this
stage.
4.5. Interspeciﬁc comparison
Both species studied were sensitive to sewage sludge application and showed similar responses to the experimental treatments
by increasing seedling growth and phosphorus uptake. The sensitivity of these species to increased phosphorus availability has
been reported in previous works (Sardans et al., 2004, 2006).
Larcheveque et al. (2006b) related the increase in stem height of
P. halepensis and Q. ilex seedlings after the application of composted sewage sludge to improved nutritional status. In general,
P. halepensis is more plastic than Q. ilex as it shows larger changes
in growth, physiological traits and nitrogen uptake and retranslocation in response to biotic and abiotic stresses (Cuesta et al.,
2010) and prioritizes C allocation to aboveground growth (SanzPerez et al., 2009). However, although P. halepensis was more
sensitive to treatments than Q. ilex, we observed a high degree of
plasticity in both species: promoted seedling growth, differential
belowground development with biosolids, change in the biomass
allocation pattern, and improved P nutrition. It is interesting to note
the contrasting effect of biosolid application on the rooting pattern
of both species. Holm oak seedlings used the extra resources pro-
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vided by biosolids (especially in liquid form) to build up deeper
rooting systems, whereas in pines root biomass accumulation and
rooting depth was not affected by the amendment. This contrasting behavior may reﬂect differences in ecological strategies and life
traits between P. halepensis and Q. ilex, which are located in opposite
sides of the competition vs stress tolerance gradient (sensu Grime,
1977).
4.6. Management implications
Sewage sludge application had a positive effect on seedling
nutrient status and growth, and no effect on seedling survival,
resulting in a weak increase in basal area. In addition, deleterious effects of sewage sludge application on the environment
and nearby communities were minimized by using small application rates and conﬁning the amendment to planting holes. The
cost of sewage sludge application in management operations is
highly dependent on the type of sewage sludge, availability of
suitable equipment, site conditions and transportation (Tarrason
et al., 2007). Commonly, it represents a 2-fold increase in the
cost of planting which may only be compensated when other
costs, such as landﬁll dumping, are taken into account (Fuentes
et al., 2007a). Thus, the use of sewage sludge may only be justiﬁed as an alternative to other uses, provided that the return
of organic matter and nutrients to degraded ecosystems is of
interest.
5. Conclusions
We have shown that the application of sewage sludge at
planting improves seedling growth by alleviating P deﬁciency in
Mediterranean carbonated soils and, in the case of liquid sludge,
by improving water status. These results support our ﬁrst hypothesis. In contrast, P. halepensis and Q. ilex showed contrasting
changes in morpho-functional traits after sewage sludge application, but results did not support our second hypothesis of a
stronger response of the coniferous species. The beneﬁts of sewage
sludge at this application rate on seedling establishment were
modest but alleviated nutrient limitation and promoted seedling
growth.
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