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c Área de Edafologı́a y Quı́mica Agrı́cola, Facultad de Ciencias, Universidad de Extremadura, Avda de Elvas S/N, 06071 Badajoz, Spain

Received 22 February 2007; received in revised form 4 September 2007; accepted 10 September 2007
Available online 25 October 2007
Abstract

This study was conducted under greenhouse conditions to evaluate the potential use of SPS as a fertilizer, amendment and/or liming
agent for wheat (Triticum aestivum L.). Two representative Mediterranean agricultural soils, a Cambic Arenosol (cmAR) and a Cromic
Cambisol (crCM) were used. Treatments included four sludge rates ranging from 0 to 40 g kg�1 (equivalent of 0, 38, 88 and
120 Mg ha�1). A significant increment in soil pH, organic carbon, N total, available P and exchangeable K were observed in both soils.
Sludge application significantly increased N and decreased Zn, Mn and Cu concentrations in wheat. Wheat grain yields were reduced by
33% and 37% when 120 Mg SPS ha�1 was applied to cmAR and crCM soils, respectively, due apparently to unavailability of Mg. How-
ever, straw yields, with much lower Mg requirements, increased significantly with SPS rates. Secondary pulp mill sludge seems to be a
potential source of organic matter, N, P, K and a potential soil amendment liming agent for acid soils, when appropriate supplemental
fertilizer was provided. For grain crops grown in these soils, addition of Mg is required for proper nutrient balance.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The wood pulping and production of the paper products
generate a considerable amount of pollutants. In the begin-
ning of the Nineties of the previous century the United
Kingdom paper mills produce a total of 250,000 dry tons
of waste sludge per year (Phillips et al., 1997), while in
1995 the US pulp and paper industry produced approxi-
mately 5.3 million metric tons of paper mill wastewater
treatment residuals (Feldkinchner et al., 2003). The pulp
and paper industry is considered as the third largest pol-
luter in the United States and has been estimated that this
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industry is responsible for 50% of all wastes dumped into
Canadás waters (Pokhrel and Viraraghavan, 2004). In Por-
tugal, which has one-third of its mainland in forest, the
paper industry has grown considerably and currently gen-
erates approximately 1,300,000 Mg yr�1 of pulp and paper
mill sludge, with severe environmental problems (Santos,
2003). Disposal of this material presents a problem for
the mill (Battaglia et al., 2007; Calace et al., 2005; Mah-
mood and Elliot, 2006). Some of it may be incinerated,
but the high water content impedes an efficient combus-
tion. Disposal by land filling, the most common disposal
method, is costly and faces increasingly stringent environ-
mental regulations (Feldkinchner et al., 2003).

Mediterranean soils, due to the natural characteristics of
this region climate (warm and dry summers with a pro-
longed drought, and heavy rainfall during autumn and
winter) and inadequate land management have led to a
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reduction in the organic matter content of soils (Madrid
et al., 2007). This situation has a direct negative influence
on the physical, chemical and biological properties of the
soils and causes structural degradation and an eventual loss
of fertility (Wei and Liu, 2005). Maintaining adequate
organic content is necessary for maintaining soil fertility
and sustainable crop growth (Madrid et al., 2007; Roten-
berg et al., 2005).

Using pulp mill sludges, with their high organic matter
content and low concentrations of trace metals and organic
pollutants, as a soil amendment on farmland is an attrac-
tive alternative because it allows for some cost recovery,
improves soil physical properties and recycles the carbon
into the soil (Calace et al., 2005; Carpenter and Fernández,
2000; Gagnon et al., 2001; Mahmood and Elliot, 2006). In
fact, a large number of researchers have reported substan-
tial benefits to soil fertility and crop yields of low-carbon
soils, such as the majority of Mediterranean soils, from
amendment, at acceptable loading rates, with pulp mill sol-
ids (Leon et al., 2006; Levy and Taylor, 2003), namely,
pulp mill residuals added to soil can significantly increase
the amounts of soil organic matter (Rotenberg et al.,
2005), providing a whole array of nutrients to soils (Feldk-
inchner et al., 2003), decrease soil acidification (Battaglia
et al., 2007; Nunes et al., 2002), decrease of soil metal pol-
lution (Battaglia et al., 2007; Calace et al., 2005), increasing
beneficial soil organisms and reducing plant pathogens,
increase water and nutrient retention (Foley and Cooper-
band, 2002) and improve the soil’s ability to suppress crop
diseases (Leon et al., 2006; Madrid et al., 2007; Rotenberg
et al., 2005), providing an interesting solution to soil degra-
dation (Levy and Taylor, 2003; Tejada et al., 2007; Xiao
et al., 2007). However paper mill sludge C:N ratios can
be quite high (e.g. 100–300:1) for primary sludges, repre-
senting 40% of the total amount of sludge generate by
the industry, or very low for secondary sludges, since nitro-
gen and phosphorus are typically added to increase micro-
bial decomposition (Vance, 2000). Land applications of
sludges with low N concentration may lead to a temporary
immobilization of soil N. Conversely, large amounts of N
applied with paper mill sludge could potentially cause
nitrate leaching (Feldkinchner et al., 2003).
Table 1
Selected initial properties of the unamended soils

Chemical properties Unit Cambic are

Organic carbon g kg�1 5.42 ± 0.2
pH (1:5) 6.40 ± 0.1
Total N g kg�1 0.42 ± 0.1
NO3-N mg kg�1 15.81 ± 1.7
NH4-N mg kg�1 7.21 ± 0.8
Egner–Riehm P mg kg�1 25.00 ± 3.0
Egner–Riehm K mg kg�1 55.00 ± 3.8
CECa cmolc kg�1 3.73 ± 0.3
PBSb % 65.14 ± 4.1

Means and standard deviation are calculated from five replicates.
a CEC = cation exchange capacity.
b PBS = percent base saturation.
Several studies have investigated the use of primary and
combined primary/secondary sludges (the largest propor-
tion of paper mill sludges generated are mixtures of pri-
mary and secondary sludges – about 54% (Vance, 2000))
as a source of organic material (among others – Leon
et al., 2006; Madrid et al., 2007; Rotenberg et al., 2005; Tej-
ada et al., 2007; Xiao et al., 2007), but relatively very few
have used secondary sludges in this regard, as Cordovil
et al. (2007), Feldkinchner et al. (2003) or Nunes et al.
(2002) still fewer studies have been carried out under Med-
iterranean soil conditions, as Cabral and Vasconcelos
(1993), Cordovil et al. (2007) or Nunes et al. (2002).

The objectives of this study were to investigate (1) the
chemical properties of two Mediterranean agricultural soils
amended with various rates of secondary paper mill sludge
and (2) the yield and elemental concentrations of wheat
(Triticum aestivum L.) grown on these soils in a
greenhouse.

2. Methods

2.1. Bulk soil and sludge

The study was conducted with two representative Med-
iterranean agricultural soils from Portugal: a Cambic
Arenosol (cmAR) and a sandy loam Cromic Cambisol
(crCM) (FAO, 2006). Selected soil properties of both soils
are given in Table 1. Bulk samples were collected from sur-
face (0–30 cm) horizon, air-dried, passed through a 2 mm
sieve, and analyzed as described below. The pulp mill
sludge (SPS) used in this trial was obtained at the Portucel
pulp industry-Setúbal (Portugal) wastewater treatment
plant and was generated during the secondary aeration
process. A sample of this sludge was air-dried and analyzed
as described below. Characteristics of the secondary pulp
mill sludge applied are summarized in Table 2.

2.2. Experimental treatments and wheat cropping

Each soil was mixed with four rates of sludge 0, 38, 88
and 120 Mg ha�1 (equivalent of 0–40 g kg�1) and placed
in 20 cm diameter plastic pots, 7.8 L in volume. The pots
nosol Cromic cambisol Threshold levels

3.10 ± 0.3 2.9–8.7
5.00 ± 0.2 4.5–9.5
0.39 ± 0.1 0.5–4.1

24.05 ± 2.1 –
4.56 ± 0.6 –

18.00 ± 3.1 11–100
134.00 ± 4.2 11–110

9.09 ± 0.7 –
58.26 ± 4.2 –



Table 2
Initial chemical characteristics of the unamended paper mill sludge

Chemical properties Unit SPS Guidelinesa

Moisture content % 84.20 ± 3
Organic C g kg�1 283.10 ± 15
pH 7.80 ± 0.3
Total N g kg�1 26.70 ± 1.1
K g kg�1 0.90 ± 0.1
P g kg�1 15.30 ± 0.7
Na g kg�1 6.00 ± 0.4
Ca g kg�1 25.60 ± 1.2
Mg g kg�1 2.60 ± 0.3
Fe g kg�1 3.05 ± .0.1
Cu mg kg�1 22.75±3.0 2000
Mn g kg�1 4.03 ± 0.3 1500
Zn mg kg�1 58.50 ± 7.0 10,000
C:N 10.60
C:P 18.49
Ca:Mg 9.84

Means and standard deviation are calculated from five replicates.
a Guidelines for agricultural utilization of sludges (Bowie and Thornton,

1985).
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were fertilized with 140 mg N kg (NH4SO4 and NH4NO3),
93 mg K kg�1 (KH2PO4) and 73 mg P kg�1 (KH2PO4),
according to normal research practice with this kind of
pots, soil and crop. The mass of soil added to each pot
was equivalent to 9.5 and 8.5 kg for cmAR and crCM soils,
respectively. On November 15th, fifty seeds of wheat (T.
aestivum L. var. Almansor) were sown in each pot, at
2 cm depth, and kept in a greenhouse, possessing environ-
mental control, with day/night temperature of 25/8 �C,
12 h photoperiod, and 85% relative humidity. Distilled
water was daily added to the pots to raise their moisture
content to 70% of the soil water holding capacity, Seedlings
were thinned to 25/pot two weeks after emergence. After
188 days, on May 23rd, the aerial portion of all plants
was harvested, separated into grain and straw, weighed
and oven-dried at 65 �C. The soil in each pot was air-dried,
ground, sieved (2 mm) and analyzed as described below.

2.3. Chemical analysis

2.3.1. Soil
The organic carbon content of the soil was determined

by dichromate oxidation (Nelson and Sommers, 1996);
pH in 1:5 (w/v) soil/water mixtures; cation exchange capac-
ity (CEC) (Mehlich, 1942); total nitrogen content by Kjel-
dahl method (Bremner and Mulvaney, 1982); mineral N as
N�NHþ4 and N-NO3 was extracted using 2 M KCl (Brem-
ner, 1965) and measured with an autoanalyzer; and avail-
able P and K (Egner–Riehm) (Egner et al., 1960).

2.3.2. Sludge

Moisture content was calculated from weight loss after
oven-drying to a constant weight at 105 �C; organic matter
content by loss on ignition at 450 �C for 4 h (Nelson and
Sommers, 1996); total nitrogen content by Kjeldahl
method (Bremner and Mulvaney, 1982). Total P, Na, Ca,
Mg, Fe, Cu, Mn, and Zn were determined after dry-ashing
at 500 �C for 3 h (Richards, 1993).

2.3.3. Plant tissue

Dried samples were ground, dry-ashed at 500 �C for 4 h,
and analyzed as follows: P by the ammonium molybdate-
ascorbic acid method (Murphy and Riley, 1962); N by
Kjeldahl method (Bremner and Mulvaney, 1982); K and
Na by flame photometer; Ca, Mg, Fe, Cu, Mn, and Zn
by atomic absorption spectrophotometry.

2.4. Statistical analysis

Soil and plant data were analyzed by analysis of vari-
ance (ANOVA) as a factorial completely randomized
design. Mean values from the six replications for each
property were tested a P = 0.05 using Duncan’s multiple
range test (Steel and Torrie, 1980). Linear and quadratic
regressions analysis was performed using SPSS system for
windows, release 15.0 (SPSS, 2007).

3. Results and discussion

3.1. Initial chemical characteristics

3.1.1. Soil

Organic carbon content was low in both soils (5.42 and
3.10 g kg�1 Cambric arenosol and Cromic cambisol,
respectively) as is typical for Mediterranean agricultural
soils. The cmAR sandy soil is a medium K and pH and
very low P soil, whereas the crCM sandy loam soil is a high
K, low pH and very low P soil (Table 1).

3.1.2. Sludge

The average moisture content of unamended SPS was
84% and the organic carbon content was 283 g kg�1 (Table
2). N, P, and K contents were 26.7, 15.3 and 0.9 g kg�1,
respectively. The C:N and C:P ratios were 11 and 19,
respectively. Given the critical C:N ratio of 20–30 (Cordo-
vil et al., 2007) and C:P ratio of 40–50 (Fageria et al., 2007)
ready mobilization of N and P was to be expected when
this sludge was added to the soils of the trial.

Another measure of suitability of organic residues as a
nutrient source for plant growth is the ratio of the contents
of Ca to Mg. It is generally accepted that this ratio should
be a minimum of 6:1 (Simard et al., 1998). The sludge used
in this study had a Ca:Mg ratio of 10:1, indicating that no
adjustment by liming was needed. Zn and Cu contents were
below concentration limits for unrestricted land applica-
tion, which are designed to protect soil productivity, envi-
ronmental quality and human health.

3.2. Soil effects

3.2.1. Organic C
Similar to reports of Battaglia et al. (2007), Cabral and

Vasconcelos (1993), Levy and Taylor (2003) and Rotenberg



Table 3
Effect of secondary paper mill sludge on selected chemical properties of amended soils

Properties Unit cmAR soil crCM soil

SPS rate (Mg ha�1) Response SPS rate (Mg ha�1) Response

0 40 80 120 LinA QuadraticA 0 40 80 120 LinA QuadraticA

OCB g kg�1 5.40a 5.80a 6.00a 6.70b 0.947** 0.972NS 3.10a 3.60a 4.60b 5.30c 0.927** 0.967NS
pH 6.40a 7.37b 7.37b 7.60c 0.770NS 0.914NS 5.10a 6.70b 7.23c 7.33c 0.927** 0.992*

Available P mg kg�1 88.7a 127.0b 172.6c 196.0d 0.986*** 0.994* 120.3a 137.0b 191.3c 206.6d 0.943** 0.942NS
Available K mg kg�1 47.3a 57.3b 58.7bc 60.7c 0.810* 0.960NS 98.0a 131.0b 148.0c 166.6d 0.972*** 0.992*

Inorganic N mg kg�1 2.33a 2.77a 6.44b 5.72b 0.747NS 0.773NS 3.91a 3.68a 7.09b 8.13b 0.853* 0.881NS
Ca cmolc kg�1 1.94a 2.97b 3.09b 3.96c 0.930** 0.933NS 3.52a 4.86b 5.19c 5.89d 0.933** 0.966NS
Mg cmolc kg�1 0.26a 0.28b 0.34c 0.38d 0.969*** 0.980NS 0.69c 0.61b 0.60b 0.55a 0.918** 0.940NS
Na cmolc kg�1 0.29a 0.32a 0.32a 0.33a 0.810* 0.911NS 0.33a 0.34a 0.39b 0.48c 0.887* 0.999***

K cmolc kg�1 0.08a 0.08a 0.18a 0.38b 0.833* 0.998*** 0.04a 0.05ab 0.05ab 0.07b 0.853* 0.904NS
Ca/Mg ratio 7.46 10.60 9.08 10.42 0.427NS 0.524NS 5.10 7.96 8.65 10.7 0.951** 0.960NS
CEC cmolc kg�1 4.26a 4.28a 4.20a 5.00b 0.533NS 0.906NS 7.32a 8.53b 8.40b 8.53b 0.593NS 0.874NS
PBSC % 63.2a 86.5b 92.3c 98.7d 0.877* 0.976NS 62.5a 68.7b 73.5c 81.6d 0.990*** 0.994*

Values with the same letter within a row, for which soil, are not significantly different (P > 0.05). *, **, *** significant at the 0.1, 0.05 and 0.01 levels of
probability, respectively. NS = not significant.

A Values in these columns are the coefficients of determination (r2).
B OC = organic carbon content.
C PSB = percent base saturation.
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et al. (2005) the sludge increased the organic carbon content
in both soils, although the differences were only statistically
significant for the biggest sludge doses (Table 3). The aver-
age increase over the unamended pots was 0.4, 0.6 and 1.3 g
organic C kg�1 for cmAR soil and 0.1, 1.1 and 1.8 g organic
C kg�1 for crCM soil for the application of 40, 80 and
120 Mg ha�1 of sludge, respectively.
3.2.2. Inorganic N

N content tended to increase with sludge rates (Table 3).
As shown in Table 3, differences in total inorganic N after
wheat harvest were significant between the 80 and
120 Mg ha�1 treatments and the other rates. Application
of SPS significantly increased inorganic N of the crCM soil
from 0 to 120 Mg ha�1 of sludge. However, in the cmAR
soil inorganic N increased with increasing rate of SPS up
to 80 Mg ha�1 and then decreased, although not signifi-
cantly. This suggests that the N-mineral fertilizer could
have been immobilized during degradation of labile C con-
stituents from SPS, and that the organic N mineralized
very slowly when high levels of sludge were applied in
cmAR soil.

Feldkinchner et al. (2003) and Vance (2000) have
reported that amending soils with high C:N pulp and paper
mill sludge caused net immobilization of soil N and
reduced plant growth. Conversely, low C:N sludges
increased plant available N and biomass production in
N-limited ecosystems (Cabral and Vasconcelos, 1993).
3.2.3. pH

SPS application significantly also increased the pH in
both soils (Table 3). Soils with high initial pH are expected
to be more strongly buffered than soils with low pH (Tis-
dale and Nelson, 1998). In the acid crCM soil, sludge appli-
cation rate was closely related to the change in soil pH and
about 80 Mg ha�1 of SPS will be required to raise pH in
crCM soil from 6.1 to 7.2. Our results are consistent with
both, greenhouse cropping studies where a close relation-
ship was reported between paper sludge application rate
and pH in Mediterranean soils (Cabral and Vasconcelos,
1993), and with a field study in which paper mill sludge lin-
early increased soil pH more than one pH unit in a manu-
factured soil (Carpenter and Fernández, 2000).
3.2.4. Ca

The Ca in the SPS (Table 2) is a combination of calcium
carbonates, hydroxides and oxides reflecting the Kraft pul-
ping process ingredients. Therefore, an increase in soil pH
in both soils reflects the dissolution of these alkaline con-
stituents in the sludge over experiment period. The liming
effect of other types of paper sludges has been also
observed by several researchers (Battaglia et al., 2007; Car-
penter and Fernández, 2000).
3.2.5. P

Secondary paper mill sludge application linearly
increased available P in selected soils (Table 3). The pre-
application soil test levels in cmAR and crCM soil were
very low and low, respectively, according to the Portugal
recommendation guidelines (Santos, 2003). SPS applica-
tion increased available P in cmAR soil from medium to
high levels (88–196 mg kg�1) and from high to very high
(120–206 mg kg�1) in crCM soil. Similarly, Simard et al.
(1998) reported that de-inking paper sludge increased Meh-
lich-3 extractable P in soils from Canada. Other studies on
similar Mediterranean soils (Cabral and Vasconcelos,
1993) have indicated that increasing amounts of combined
primary/secondary pulp mill sludge did not cause any sig-
nificative effect on available P due to the high C:P ratio of
the sludge used. However, in our study, an easy mobiliza-
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Fig. 1. Response of grain nitrogen of wheat grown in two Mediterranean
soils amended with secondary paper sludge.
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tion of P was expected when SPS was added to soil, due to
the low C:P ratio of this sludge. The increase in extractable
P in amended soils reflects the mineralization of organic P
from the decomposition of SPS. However, increasing pH
and Ca during experiment period may have limited this
effect due to P fixation (Santos, 2003).

3.2.6. Exchangeable Ca, K, Na and Mg

Application of SPS significantly increased exchangeable
Ca, K and Na in both soils. Mg significantly increased in
cmAR soil and significantly decreased in crCM soil. These
findings agree with other studies using similar materials.
Simard et al. (1998) and Cabral and Vasconcelos (1993)
reported that no consistent trend was observed for soil
Mg as a function of increased paper sludge rates in soil.
Sodium saturation in the amended soils was always higher
than 5% of exchangeable Na percentage at which levels
adverse impacts of Na can be evident (Cameron et al.,
2003; Gilbert et al., 2007).

3.2.7. Cation exchange capacity (CEC)

With the exception of the Mg in crCM soil, there was a
highly significant relationship between sludge application
and all exchangeable cations in both soils, indicating that
an increase in sludge rate resulted in a proportional
increase in exchangeable basic cations in the soil. The
net effect of the increase in exchangeable cations was the
enrichment of soil exchange sites with basic cations in
both soils. Quadratic regression, although not significant,
gave the best fit for the SPS response curves in both soils,
resulting r2 values of 0.906 and 0.874 for cmAR and
crCM soil, respectively (Table 3). As was expected, the
increases in CEC are attributable to the increases in
organic matter.

SPS application linearly decreased Mg saturation of the
soil CEC from 10% to 7.5% in cmAR soil and for 15–7.8%
in crCM soil (Table 3). It is generally accepted that 5% of
Mg saturation is adequate for optimum yields of most
crops. However, for those crops such as wheat, that
requires a higher concentration of basic cations, 10% Mg
saturation is suggested to maintain the optimum Mg con-
centration in the plants, especially in the grain (Haby
et al., 1990). Therefore, a wheat yield decrease, associated
with an Mg deficiency, could be expected in amended
cmAR soil and in amended crCM soil with a sludge rate
higher than 40 Mg ha�1 (Table 3), if adequate Mg fertilizer
is not provided. According with Carpenter and Fernández
(2000) the high exchangeable Ca saturation percentage in
amended soils, in combination with slightly alkaline soil
pH values, corroborated the potential for Mg, Mn, Cu
and Zn deficiencies in crops grown on these soils.

The percent base saturation of the nonamended soil was
63% and that of the soils receiving 120 Mg ha�1 sludge was
98% and 81% in cmAR and crCM soil, respectively. The
ability of SPS to replace exchangeable cations and increase
percent base saturation confirms its potential as a liming
agent on Mediterranean acids soils.
3.3. Plant effects

SPS application linearly increased grain nitrogen con-
tent in plants grown in both soils (Fig. 1). Grain N content
in soils amended with 120 Mg ha�1 of SPS were 1.2 and 1.3
times higher than the nonamended cmAR and crCM soils,
confirming the soil inorganic N observations on increased
soil N availability from SPS treatment. In contrast to N,
SPS had no effect on wheat grain P regardless of soil type
(Table 4). This can be attributable to resorption or precip-
itation of soluble P released from SPS by Ca compounds,
besides their interrelation with other nutrients. Similar to
P, SPS application did not affect K concentration of grain
in cmAR soil (Table 4). However, SPS application altered
significantly the concentration of K in grain of plant grown
in crCM soil (Table 4). Application of SPS significantly
increased Ca content in plants grown in both soils. Grain
Ca was increased by 50% and 75% when 120 Mg ha�1 of
SPS was applied to cmAR and crCM soil, respectively.
Magnesium concentration of grain was not affected by
SPS application in either soil (Table 4).

A highly significant inverse relationship between SPS
rates and grain Cu content was observed in both soils.
Grain Cu content was decreased by 83% and 61% when
the highest rate of SPS was applied to cmAR and crCM
soil, respectively. This was probably caused by a decrease
in Cu availability as a result of an increase in soil pH, in
contribution to complexation with the organic matter. In
addition, SPS application also decreased Mn and Zn con-
centration of grain in both soils. As was expected, the
higher Cu, Mn and Zn deficiencies occurred in the plant
grown in the cmAR sandy soil. Therefore, Cu, Mn and
Zn uptake also could have restricted grain yield in this soil.

A highly significant inverse relationship between SPS
application and wheat grain yield was also observed in
cmAR soil (Table 4). A linear regression gave the best fit
in cmAR soil while a quadratic regression gave the best
fit for the SPS response curve in crCM soil (Fig. 2). Grain
yields were reduced by 32% and 36% when 120 Mg ha�1 of
SPS was applied to cmAR and crCM soil, respectively.



Table 4
Wheat grain yield and selected elemental composition as affected by secondary paper mill sludge application

Unit cmAR soil crCM soil

SPS rate (Mg ha�1) Response SPS rate (Mg ha�1) Response

0 40 80 120 LinA QuadraticA 0 40 80 120 LinA QuadraticA

Yield g pot�1 42.7d 36.1c 32.7b 28.7a 0.977*** 0.993* 24.6b 37.1d 29.8c 15.5a 0.242NS 0.967NS
N g kg�1 18.5a 19.6b 20.6c 22.6c 0.971*** 0.993* 19.9a 22.0b 24.8c 26.0d 0.979*** 0.988*

P g kg�1 3.70a 3.0a 3.4a 3.4a 0.051NS 0.545NS 3.2a 3.2a 3.6a 3.5a 0.663NS 0.682NS
K g kg�1 4.7a 5.2a 5.3a 5.3a 0.729NS 0.982NS 5.9b 5.0ab 5.3ab 4.7a 0.691NS 0.720NS
Ca g kg�1 0.4a 0.5b 0.6c 0.6c 0.891** 0.982NS 0.4a 0.5b 0.5b 0.7c 0.853* 0.905NS
Mg g kg�1 0.9a 0.9a 1.1a 1.1a 0.800NS 0.800NS 1.3a 1.2a 1.4a 1.2a 0.018NS 0.109NS
Na mg 100g�1 10.0a 20.0a 20.0a 20.0a 0.600NS 0.933NS 20.0a 20.0 a 20.0 a 30.0a 0.600NS 0.933NS
Cu mg kg�1 23.3a 20.3b 4.7a 4.7a 0.859* 0.866NS 25.0b 13.7a 17.3a 9.7a 0.705NS 0.732NS
Mn mg kg�1 52.3a 22.7a 20.7a 21.0a 0.643NS 0.955NS 81.0c 34.7b 25.7a 24.7a 0.740NS 0.980NS
Zn mg kg�1 30.3a 24.0a 26.3a 26.0a 0.269NS 0.700NS 37.0b 31.7b 32.0a 29.7a 0.806NS 0.884NS

Values with the same letter within a row, for which soil, are not significantly different (P > 0.05). *, **, *** significant at the 0.1, 0.05 and 0.01 levels of
probability, respectively. NS = not significant.

A Values in these columns are the coefficients of determination (r2).
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Similar result was obtained by Singh et al. (2002). Never-
theless, the application of SPS at rate of 40 Mg ha�1

improved wheat yield in the acid crCM soil. This suggest
that while small amounts of SPS applied to this kind of soil
promote grain yield, a gradual reduction in this parameter
was observed in proportion of the sludge applied to cmAR
soil. Soil crCM had an initial low pH value and the liming
capacity of the sludge may explain the favorable effect on
yield when 40 Mg ha�1 of SPS was applied. Similar obser-
vations are reported by Simard et al. (1998) and Singh et al.
(2002) in greenhouse and field conditions using other types
of paper sludge.

The relationship between grain yield and SPS rate,
together with the correlation shown between this sludge
and Mg saturation, suggests that the decrease in grain yield
was probably due to a reduction in soil Mg availability,
caused by a 25% and 50% decrease in Mg saturation after
SPS application in cmAR and crCM soil, respectively. It is
well documented that Wheat grain is especially susceptible
to Mg, Cu, Mn and Zn deficiencies, because these nutrients
are vitals to the activation of some enzyme systems, which
are related to grain formation in grain crops (Fageria et al.,
2007; Liu and Wang, 2007; Santos, 2003).

The quadratic relationship between grain yield and Mg
saturation (Table 4) accounted for more than 98% of the
observed variation in crCM soil, indicating that grain yield
of wheat grown in this soil was entirely dependent on the
Mg availability and, therefore, Mg supplement to this soil
treated with SPS could improve grain yield. Mg deficiency
is also one of the major reasons for the observed grain yield
decrease in cmAR soil. However, this fact alone does not
explain the depressive effect on grain yield of wheat grown
in this soil. The results reported in this work suggest that
yield response in cmAR soil may be attributable to an
Mg deficiency in contribution to lower availabilities of
Mn, Cu and Zn (Table 4). Moreover, imbalance between
Ca and Mg in soils of low CEC could have accentuated
these deficiencies.

The quadratic and linear regressions shown in Table 4
suggest that approximately 10% of Mg saturation is neces-
sary to obtain the best grain yield in the wheat grown in
both soils. This percentage is similar to that reported for
grain crops by Haby et al. (1990). Because the selected soils
are low in Mg saturation of soil CEC after SPS application,
production of normal yields require the addition of Mg for
proper nutrient balance.

The yield of straw, much lower in Mg requirements that
wheat grain, improved significantly (10% and 11%) when
SPS, at rates of up to 120 and 80 Mg ha�1, was applied
in cmAR and crCM soil, respectively (Table 5). SPS appli-
cation linearly increased straw yield in cmAR soil. The per-
centage increase in straw yield was 3.6 to 11% greater than
that achieved in untreated pots, with better growth at the
highest SPS application rate. A significant curvilinear rela-
tionship between SPS application and wheat Straw yield
was observed in crCM soil (Fig. 3). The highest yield was
obtained with 80 Mg ha�1 rate of sludge. The other two
rates of SPS had slightly lower yields but were significantly
higher than the yield with fertilizer alone.



Table 5
Wheat straw yield and selected elemental composition as affected by secondary paper mill sludge application

Unit cmAR soil crCM soil

SPS rate (Mg ha�1) Response SPS rate (Mg ha�1) Response

0 40 80 120 LinA QuadraticA 0 40 80 120 LinA QuadraticA

Yield g pot�1 57.9a 60.0b 60.3b 64.3c 0.887** 0.929NS 51.6a 58.1b 59.3b 57.0b 0.437NS 0.995*

N g kg�1 6.2a 8.7b 9.9c 11.1d 0.961** 0.994* 7.1a 8.2b 10.1c 14.3d 0.917** 0.996**

P g kg�1 2.2a 2.3a 2.4a 2.4a 0.891** 0.982NS 0.8a 1.8b 2.4c 3.1d 0.988*** 0.996**

K g kg�1 6.6a 8.2b 6.7a 7.4b 0.025NS 0.147NS 7.5a 7.7a 10.9b 12.5c 0.915** 0.942NS
Ca g kg�1 6.6a 6.9a 6.9a 7.4b 0.873* 0.903NS 6.9a 7.1ab 7.8b 9.2c 0.889** 0.999***

Mg g kg�1 1.0a 1.4b 1.6c 1.7c 0.920** 0.998** 2.1a 2.2a 2.2a 2.5b 0.810* 0.911NS
Na mg 100g�1 50.0a 60.0a 80.0b 90.0b 0.980*** 0.980NS 50.0a 50.0 a 60.0ab 70.0b 0.891** 0.982NS
Cu mg kg�1 27.7a 25.3a 21.7a 48.3a 0.395NS 0.885NS 30.3a 41.0a 30.3a 33.3a 0.020NS 0.195NS
Mn mg kg�1 16.6a 47.3b 47.0b 46.3b 0.607NS 0.934NS 323.0d 100.0c 45.0 a 67.0b 0.687NS 0.992*

Zn mg 100g�1 21.5a 21.6a 14.8b 14.5b 0.811* 0.812NS 16.4a 17.7a 14.9a 19.8a 0.212NS 0.462NS

Values with the same letter within a row, for which soil, are not significantly different (P > 0.05). *, **, *** significant at the 0.1, 0.05 and 0.01 levels of
probability, respectively. NS = not significant.

A Values in these columns are the coefficients of determination (r2).
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Fig. 3. Response of straw yield of wheat grown in two Mediterranean
soils amended with secondary paper sludge.
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Nitrogen concentration of wheat straw grown in non-
amended cmAR and crCM soil was 6.2 and 7.1 g kg�1,
respectively, and SPS application increased N concentra-
tion in plants grown in both soils (Table 5). At the highest
rate of SPS the measured concentration of N in wheat
straw grown in cmAR and crCM soils were 11.1 and
14.3 g kg�1, respectively. The straw seemed to contain suf-
ficient N for normal growth. Nitrogen concentrations in
plants in soil amended with 120 Mg ha�1 of SPS were 1.8
and 2.1 times higher than the nonamended cmAR and
crCM soils, respectively. Applications of other types of
sludge, such as de-inking paper sludge, have typically
decreased plant N. Simard et al. (1998) reported that appli-
cation of up to 45 Mg ha�1 of that sludge decreased N in
barley tissues. In contrast, our data demonstrate that SPS
could be a good source of N for plants.

Similar to N, SPS application affects K concentration of
wheat straw. Potassium concentration in plants grown in
soil amended with 120 Mg ha�1 of SPS was 1.2 and 1.7
times higher than the nonamended cmAR and crCM soils,
respectively. Treatments also significantly affected Na in
both soils. This is the result of the higher amounts of Na
added with the sludge.In contrast to N and K, SPS appli-
cation increased straw P of crCM soil but did not have
any effect in plants grown in cmAR soil. Plant response
to P from SPS application was expected in the low cmAR
soil and very low P crCM soil but it only occurred in the
very low P crCM soil, perhaps due to a higher precipitation
of soluble P released from SPS by Ca compounds in cmAR
soil. The lowest pH value on crCM soil can help to explain
this result.

A highly significant inverse relationship between SPS
application and straw Mn was observed in both soils and
for Zn concentration in cmAR soil (Table 5). Lower avail-
abilities of Mn and Zn are directly correlated with an
increase of soil pH. In addition, Mn and Zn deficiencies
may result from an imbalance with other nutrients such
as Ca and Mg. Similar observations are reported by
Vasconcelos and Cabral (1993) which reported that appli-
cation of up to 130 Mg ha�1 of primary paper mill sludge
to a Mediterranean Cambic arenosol decreased Mn and
Zn in plants.

4. Conclusions

The results of this greenhouse study indicated that sec-
ondary paper mill sludge improved the properties of two
Mediterranean soils. In particular, SPS lead to a significant
increase in soil pH and organic matter content. This is of
great interest in Mediterranean areas where acid soils poor
in organic matter are quite frequent. Moreover, SPS
increased plant growth. However, fertilizer, in particular
additional Mg, was required for optimal grain yield. Fur-
ther studies are required to assess optimum sludge applica-
tion and fertilizer rates in this type of soils.
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