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ABSTRACT: This work investigates the effect of the application rate and type of sludge throughout the soil
carbon cycle in a semiarid Mediterranean agro-ecosystem. We study the two-year evolution of the various
pools of soil organic and inorganic carbon and their influence on soil respiration. We applied three rates (40, 80
and 160 Mg/ha) of two types of sludge –aerobically and anaerobically digested sewage sludge– in a calcareous
Mediterranean soil. The study area is located in the southeast of Madrid (Spain) and is characterised by a
Mediterranean climate with a marked seasonal and daily contrast. We analysed soil organic carbon, CO 2
emissions, organic carbon fractions, soluble carbon, and inorganic carbon forms. Measurements were madeat
three times over two years, and bimonthly for organic carbon and CO2.The results show that sludge type and
rateof applicationexerta significant influence throughout the soil carbon cycle. Aerobic sludge has a greater
effect over the short-term. Anaerobic sludge treatment appears to have less effect on the cycle at the beginning
of the amendment, but is prolonged over time, as the differences with untreated soil persist even after two
years. The application of organic amendments in calcareous Mediterranean soils also modifies the inorganic
carbon pools and greatly increases the soil soluble hydrogen carbonates. All of these results are reflected in the
rates of soil CO2 emissions, with the highest values recorded in soils amended with aerobic sludge. Our data
points to the advisability of a review of the European Union’s recommendations regarding sludge and agriculture.
We propose includinga sludge stabilization process and recommended application ratesaccording to the effects
on soil biogeochemical cycles.
Key words: Soil Organic Carbon,CO2 emissions, Sludge application,Fertilization, Agriculture

INTRODUCTION
The management oforganic waste producedin
urban areas isa priority issuein the environmental
policyof the European Union (EU), according
toDirective2008/98/EC (CEC, 2008).The EU
generatesapproximately 14milliontons of organic waste
per year (d.w.), which requires the development and
improvement ofenvironmentally friendly mechanisms
for itsmanagement (Sheppard et al., 2005). The
EuropeanCommission considers that the application
of
organic
waste(sewage
sludge
and
biodegradableorganic waste) in agriculture to be
theleast expensive solution(Hogg et al., 2002), and
this is the main outputatthe community level (Albiach
et al., 2001). However, the useof these amendmentsalso
hasnegative impacts.In view of this fact, the effects of
the heavymetal contentof these residues have been
extensively studied (Cai et al., 2007; Haynes et al., 2009).
The presence of organic contaminants has also been
studied (Stevens et al., 2003, Sánchez-Bruneteetal.,

2007), and more recent works have focused
onsoilbiogeochemicalcycles (i.e. Hemmat et al., 2010
and González-Ubierna et al., 2012 on calcareous soils).
In current European legislation (Directives 86/278/EEC
(CEC, 1986) and 91/692/EEC (CEC, 1991)), the maximum
regulatory criteria for sludge application in soilsis
based solely on its heavy metal content. One of the
latest EC Working Documents on Sludge (CEC 2000),
involving a revision of Directive 86/278/EEC (CEC,
1986), proposes limit values for a range of classes of
organic contaminants in sludge. Unfortunately, the
implications of sludge in biogeochemical cycles have
not yet been addressed in EU policies. Thus, there
may be cases where the maximum rate for carbon forms
produces a negative effect on groundwater or the
atmosphere, while other rates may fail to enhance soil
fertility. Some EU countries (Denmark, Netherlands and
Sweden) have developed regulations that take into
account the amount of nutrients in sludge in order to
establish the maximum rate (Aubain, 2002).
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Furthermore, European regulations have neglected to
include sludge stabilisation processes when
establishing recommendations for its disposal in
soils.The importance of soil carbon on the global
carbon cycle has already been noted (Giardina and
Ryan, 2000; Lal, 2004; Almagro et al., 2009). According
to Lal (2004), the adoption of recommended
management practices on agricultural soils can reduce
the rate of enrichment of atmospheric CO2. (Conant,
Dalla-Betta et al., 2004)(Maestre and Cortina 2003;
Mermut 2003). Some authors have indicated that in
Mediterranean soils, concentrations of organic matter
tend to increase after the application of urban sludge,
particularly in the humic fractions, which are the most
persistent and difficult to degrade (Albiach et al.,
2001;Zinati et al., 2001; Heras et al., 2005). However,
severalauthors (Quemadaand Menacho,2001;
Torrietal.,2003) suggest thatmost ofthe organic
carbonis releasedin the form ofCO2to the environment
(mineralisation processes). Although the effects of
different organic amendments (composted sewage
sludge, thermally dried sludge and slurries) on soil
properties and carbon mineralisation have been the
object of numerous studies (Albiach et al., 2001;
Haynes et al., 2009; Franco-Otero et al., 2012); there is
still little knowledge of the main drivers and controls
for SOM-mineralisation (Bradford et al., 2008). The
relations among the different pools of soil carbon and
CO2 fluxes and the relevance of application rates and
sludge type in these processes have been less widely
studied, especially in Mediterranean environments.
The main aim of this work is to investigate the effect of
the application rate of two types of sewage sludge
(aerobically- and anaerobically-digested) throughout
the evolution of soil carbon forms and soil properties
in a semiarid Mediterranean agro-ecosystem. We study
the soil carbon evolution through analyses of soil
organic carbon, CO 2 emissions, organic carbon
fractions (soluble, labile and recalcitrant pools),and
inorganic carbon.

to a CalcaricFluvisol, which today has characteristics
typical of an Anthrosol(FAO, 2006). This soil exhibits
a marked human influence due to its use for agriculture.
Morphologically, the followingelements can be
differentiated: an Ap horizon (0-40 cm) with properties
similar to an Anthragric horizon with an organic carbon
content close to 1%, a moderately basic pH (pH =8),
low surface stoniness and high permeability; and a
subsurface horizon (40-80 cm) with the characteristics
of agricultural land, showing subsurface compaction
due to the intensive use of farm machinery.
Morphologically, textural changes can also be
observed in this latter horizon due to the accumulation
of clays. This horizon could be categorised as
Anthraquic, as it presents a significant increase in
apparent density, which translates into a decrease in
the effective permeability and a lower carbon content
(see Table 1) (Casermeiro et al., 2007).

MATERIALS & METHODS
The study area is an experimental station located
in the centre of the Iberian Peninsula, near the city of
Arganda del Rey, in the southeast of the Madrid
Region in Spain (UTM X: 457673.84, UTM Y:
4462824.553). Geomorphologically, the area lies on the
former alluvial terrace on the left bank of the Jarama
river basin, on quaternary calcareous sediments with
high carbonate contents.The soil was analysed from a
range of profiles on the experimental plot to obtain its
correct characterisation (Table 1). The land on which
the plot is located consists of quaternary sediments
from the Jaramariver, which are basically sands and
silts. These sediments are of alluvial origin, giving rise

TOC: Total Organic Carbon. EC: Electrical
Conductivity. CEC: Cation Exchange Capacity

Table 1. Specific characteristics of the Ap horizon,
separated by two depths
Variable

Unit

Value

Porosity
TOC
Carbonates

Fine Sand (%)
Silt (%)
Sand (%)
Clay (%)
Class
%
g/kg
%

7.78
41.28
23.61
27.34
Coarse clay
40.69
13.08
8.8

CEC

meq NH 4+ 100 g-1

15.32

Na

Cmol/ kg

0.54

K

Cmol/ kg

1.47

Ca

Cmol/+ kg

12.36

Mg

Cmol/ kg

1.03

pH

-

8.30

EC1:5

dS/m

0.19

Texture

The site is typical of a Mediterranean
pluviseasonal-oceanic bioclimate, and is located within
a
dry
meso-Mediterranean
belt
( ww w. g l o ba l b i o c l i m a t i c s . o r g ) .
Theclimateischaracterised bydistinctseasonal
anddailycontrasts. The average annual rainfall is
430mm, with a markedminimumin summer (50 mm). The
average annual temperature is 19ºC, with maximums in
summer that oftenexceed 35°C.These conditions confer
singularity on the study, as the Mediterranean
climateimposes a doublehardshipon biological
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systems: limited water in summer and unpredictable
rainfall(Valladares, 2004).We selected two types of
sewage sludge representative of urban areas: aerobic
and anaerobic digested sludge. The sludge comes from
the Canal de Isabel II water treatment plants in the
Madrid Region: the aerobically-treated sludge from the
Campo Real plant; and the anaerobically-treated sludge
from the Guadarrama plant. After its generation, the
aerobic sludge (AE) underwent only an air-drying
process; however, the anaerobic sludge (AN) was
treated in digesters without the addition of oxygen for
its chemical stabilisation. The main chemical properties
of the amendments applied are shown in Table 2. In
terms of metal content, the sludge complies with the
national and European legislation for agricultural use
(CEC, 1986; RD, 1990).

maintenance work, watering or cutting of the vegetation
was performed on the plots after the organic
application. Before the CO 2 measurements, the
vegetation was only removed in respiration chambers
to eliminate the plant respiration effect.Thecollection
andprocessingof samples wasperformedaccording
toUSDAcriteria (Schoeneberger et al.,2002) in the first
20 cm soil depth. The organic amendments were applied
in the summer of 2007, and the first sampling was taken
20 days after mixing the soil with the sludge. Data were
collected at three times over two years, and bimonthly
for organic carbon and CO2.Climate datawere obtained
from the Argandastation(Cod:3182Y)of the National
Meteorological Agency(AEMET), which is located at
the experimentalfarm “La Isla”. These data refer to
hourly temperature andmoisture.Soil analyses were
performed on the fine earth fraction. All of the variables
were analysedthree times over two years: twenty days
after the application, and one and two years after. CO2
and organic carbon were measured bimonthly.Electrical
conductivity (EC) was determined in a 1/5 soil/water
suspension using a Crison Micro CM 2200
conductivity meter (ISRIC, 2002). The pH was
determined in a 1/2.5 soil/water suspension using a
Crison GLP 21 pH meter (ISRIC, 2002). The calcium
carbonate equivalent and soluble hydrogen carbonate
(SHC) were estimated according to the acid
neutralisation method (FAO, 2006). Soil organic carbon
(SOC) was determined using the Walkley-Black
methodology through oxidation with potassium
dichromate and subsequent titration (FAO, 2006).
Dissolved organic carbon (DOC) was extracted in a 1/
5 soil/water ratio (m/v) after one hour of agitation, and
analysed using a micro NC Analytik Jena autoanalyser.
To study the organic components, the carbon
associated with labile fractions (hydrolysable organic
matter) was separated from more stable carbon forms
(recalcitrant organic matter) and was quantified by
means of acid hydrolysis using the methodology
proposed by Rovira and Ramón-Vallejo (2007). The
labile fraction (LP) basically corresponds to sugars,
amino acids and fatty acids with low molecular weight,
and the recalcitrant fraction (R) contains compounds
with a high molecular weight. The recalcitrance index,
proposed by the same authors, was also calculated.
This index is a ratio between recalcitrant organic carbon
and total organic carbon. Soil respiration (Rs) data were
measured in situ (Davidson et al., 2002), using an
infrared gas analyser, model Li-COR 8100, with a 20cm-diameter chamber. Three PVC cylinders, 20 cm in
diameter, were randomly installed in each plot for
sampling. The cylinders were installed to a depth of
5cm. in order to exclude root ingrowth from the side.
The statistical treatment of the results was performed
by analysis of variance (ANOVA) using the F

Table 2. Specific characteristics of the organic
amendments
Variable
Dry weight (%)
TOC (g/kg)
N (g/kg)
C/N ratio
P (g/kg)
pH
EC1:5 (dS/m)
CO3 2- (%)
Ca (g/kg)
K (g/kg)
Mg (g/kg)
Fe (mg/kg)

Anaerobic
Sludge
16.50
76.30
6.30
7.04
12.0
7.50
14.86
4.13
17.0
2.6
2.5
6500

Aerobic
Sludge
14.20
74.50
4.20
10.31
17.0
8.20
14.35
1.32
35.0
5.4
3.0
4400

TOC: Total Organic Carbon. EC: Electrical
Conductivity. All data referred to dry weight (d.w.)
The property used as the site of the experimental
plot had lain fallow for ten years, after which it was
ploughed for the present experiment. Three randomised
blocks of soil plots (10x15 m each) were designed. The
plot treatments included an unamended control (CONT)
and two types of organic amendments: AE and AN.
The concentrations established were 40, 80 and 160
Mg/ha (d.w.), with a random distribution of eight plots
per block (three plots with AE application, three plots
with AN application and two blanks without sludge
application as a control). Three replicates were thus
obtained for each rate and type of sludge. Each plot
measured 2.5x5 m2. The blocks were separated by a
distance of 10 m to avoid any possible influence or
contamination between one block and another.
The amendments were applied and mixed with the
topsoil using a rototiller to a depth of 20 cm. No
947
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distribution method of Fisher-Snedecor with a
confidence level of over 95% (p <0.05) by SPSS v.17
for the Microsoft Windows operating system. To study
therelationship between CO2and variousforms of
carbon, a multiple regression analysis was conducted
to examine the variables that best explain the CO2
variations and to determine the extent to whichthey
are related.

SOC content at the beginning of the experiment, and
after two years, its valueswerereduced and showed
no significant differenceswiththe CONT soil. These
results have been previously reported under a
Mediterranean climate by Fernandez et al. (2007a).
TheAN-treated soils underwent a greater increase in
SOC than the AE-treated soils. This pattern was ratedependent and showed a maximum for the 160 Mg/ha
rate, one year after application. After two years, only
the high rate continued to show a statistically
significant difference with the CONT soil. Dissolved
organiccarbon (DOC) (Figs 2c and 2d) followed the
same pattern as total organic carbon. The applicationof
the amendments generated asignificant increase in
both types of treatments and was rate dependent, as
previously observed by Franco-Otero etal. (2012). At
the beginning of the experiment, the increase in the
content of DOC was only significant in the AE-treated
soils. These data were similar to those obtained by
Pascual et al. (1998), perhaps due to the greaterpresence
of carbohydrates, as noted by Ros et al. (2003).
However, after one year we found nosignificant
differences between the AE and CONT soil, while the
AN-treated soil showed a significant increase
compared with the initial values. Inboth cases, their
contents reached the CONT soil values two yearsafter
application. These decreases in DOC values could be
explained by consumption and further mineralisation
by the soil microbiota (Ros et al., 2003).

RESULTS & DISCUSSION
As expected, the application of the sludgecauseda
decreasein soil pH (Figs 1a and 1b), andanincrease in
theEC (Figs 1c and 1d). These data were related to the
sludge type and application rate and were similar to
those proposed by other authors (Bastida et al., 2007;
Hemmat et al., 2010; Morugán-Coronado et al., 2011).
AE treatments had a marked effect at the beginning of
the experiment, with a 1-unit decrease in pH values,and
an increase in EC of 0.5 dS/cm at the 160 rate; these
differences continued after two years. The greatest
differences between the AN-treated soils andthe CONT
soil were observed after one year (a decrease of 1.3
units in pH values and an EC increase of 0.6 dS/m at
the 160 rate). After two years, the AN-treated soils
reached EC values close to the CONT soil, as reported
by Antolin et al. (2005). AE addition affected soil
chemistry to a greater degree than AN sludge.Although
there was a clear decrease in pH values after the
applicationof the amendments, no significant changes
were observed in the calcium carbonate content (data
not shown),since the soils had a high carbonate
content, andthere were also carbonatesin the sludge
(Table 2). This excess of calcium carbonate partially
buffered the decrease inpH.However, there was
anotable effecton the values ofsolublehydrogen
carbonate (SHC) (Figs 1e and 1f), whose effects were
clearly related to application rate and type of
sludge.Thevalues of SHC were significantly influenced
by pH values and the equilibrium of calcite weathering
(Serrano-Ortiz et al., 2010). The AE-treated soils showed
the highest values at the first sampling. After one year,
the soils recovered to the CONT soil values, with the
exception of the AN 160 rate. The CONT soil increased
its SHC content over time. In the treated soil, the main
pattern was the decrease in SHC. After two years,
allamendedsoilsreducedtheirvaluestobelowthe CONT
soilcontents, and no significant differences were found
between treatments.

After the applicationof the amendments,we
observed an increase inall the carbon fractions analyzed
(Fig.3), in correlationwith the rateand type
ofsludgeapplied. The R form was the main fraction in
CONT soil and in both types of sludge-amended soils.
The co-evolution over time of the different carbon
fractions in the AN-treated soils did not follow a clear
pattern. After one year the R and LP contents
increased, but after two years significant differences
remained only between CONT soil and soil amended
with a higher rate of AN. In the AE-treated soils,
thetrend was towards the CONT soil values, since
nosignificantdifferences in the R andLP forms were
foundwith the CONT soil two years after the sludge
application. The recalcitrance index (Rovira and
Ramón-Vallejo, 2007) allows us to analyse the
bioavailability of carbon pools. As this ratio rises, the
importance of the R form increases. As expected, after
the application, the lower sludge rate induced an
increase in the recalcitrance index due to a faster
consumption of the labile carbon forms. This effect is
still unclear, but can be explained by the sludge being
more easily decomposed when it is applied at low rates
(Sommers et al., 1979). The effect of the different rates
on the recalcitrance index was more pronounced in the

A statistically significant increase was observed
inSOCin thesoil after the application of the amendments
(Figs 2a and 2b). These data were closely related to
application rate and sludge type (Albiach et al., 2001).
We also found differences in the pattern of SOC
evolution over time:AEinduced a moderate increase in
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fig.1. chemical properties and soluble hydrogen carbontes
aminimum in winter (Fig. 4). The application of organic
amendments to soil promoted an increase in Rs
immediately after the addition, and wascorrelated with
application rate (Quemada and Menacho, 2001) and
sludge type (Flavel et al., 2005; Paramasivam et al.,
2008; Franco-Otero et al., 2012). The stimulating effects
of sewage sludge application on CO2 fluxes have been
previously reported in laboratory incubations (Raj and
Antil, 2011) and in the field (Álvarez and Lidén, 2008).
Throughout the study, the AE-amended soils had
rates.Wefound
no
higher
CO 2 emission
clearlyhigherflush in Rsafterthe amendment, as we
expected following Kuzyakov et al. (2000 and 2010).
This could be attributed to the fact that in the early

AE- than in the AN-amended soils, due to their higher
LP contents. This result may be due to the
abovementioned higher mineralisation process at lower
rates,causedbythegreater presence of easily
biodegradable compounds in AE (Fernández et al.,
2007b). The differences in the consumption rate of the
various carbon forms could be due to the fact that the
consumption of R isgreater at high temperatures than
at low temperatures (Bol et al., 2003).
We found a clear seasonal pattern in the Rs rate,
proving that the evolution ofRs ratesis drivenby
temperature andmoisture (Maag and Vinther, 1999;
Conant et al., 2000 and 2004; Chen et al., 2010), with
significantly higher mineralisation values inspring, and
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fig. 2. Total and soluble organic carbon
sampling stage (June to October) the weather was
extremely dry (126 mm precipitation and 21ºC), which
greatly reduced the mineralisation processes. Aftera
rainy period (spring 2008, with 90 mm precipitation in
May) and a moderate increase in the average
temperatures (2ºC from April to May), the Rs rose
dramatically in all treatments. Although this process
was not tested using theisotope approach, these data
may be explained by a priming effect, according to
Kuzyakov et al. (2000). We found a clear rate response
effect that was higher in the AE-treated plots. The
increase inRs was related to the use of the rapidly
available SOM fractions (Van Veen et al., 1985; Flavel
et al., 2005). The effect of the type of stabilisation of
an organic waste on the retention of organic C in soil
after the amendment has been observed previously
(Dere and Stenhouwer, 2011), pointing tothe possible
advisability of using preferentiallyAN sludge in order
to reduce CO2 emissions. In the second year of the
experiment, in the summerand wintersampling, the

differences in rates and type of sludge Rspractically
disappeared.At the endof the study (summer 2009),
the sludge-treated soils showed values that were
significantly lower thanfor the CONTsoil.
To verify the importance of climate in soil
emissions after sludge application, we performed
multiple regression analyses between CO2 emissions
and environmental conditions (temperatureand
moisture). We also addedSOC as a factortostudy the
behaviourof thesoil under the effect ofthe
amendments. The results showed that temperatureis
themainfactor in the CONT soil (41.4%), and,in
combination with moisture, accounted for 57.4% of the
changes in the CO2 emissions.In the AE-treated
soils,moisturewas thedetermining factor (22.3%), with
temperature, explaining25.9%of the variation in theRs
rates. Finally in the AN-amended soils, moisture
wasagainthe main factor (29.2%);although in this case,
temperature and theamount of SOCappeared to be an
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fig. 3. organic carbon fractions
amended soils. (46.2to 40Mg/ha,40.7%to80 Mg/ha, and
34.2%to 160Mg/ha).

explanatory
variable.
These
three
variablesexplained33.9%of
the
variation
inCO2emissions. The application of sludge improves
the significance of soil moisture on Rs, according to
the results of Song and Lee (2010).The analysis ofthe
separateeffects of the different rates showed that in
the AE-treated soils,thepercentage explainedby the
variablesdeclinedas the rateincreased (46.1to 40Mg/
ha,23.2% for80 Mg/ha, and 21.4%to 160Mg/ha).
Meanwhile, moisture was alwaysthe sole explanatory
variable,except atthe lowest rate (40Mg/ha),where
temperaturealso hadan impact. The AN-treated soils
showed a similarpattern, with a reduced importance of
climatic factors on Rsas the rate of application
increased; this effect was lower than for AE sludge-

The resultsindicate that the additionof sludgehada
determining effect onRs, by introducingvariablesthat
reducedthe influenceof environmental factorsin its
variations.This result wasreflected inthe degree to
which these variablesexplained changes inRs
rates,with a reduction inthe explanationthat was
inversely
proportionalto
the
rateof
sludgeapplied.Moreover, the improvementin the
quality ofsoil organicmattershows that of all
theenvironmental factors, the influence ofmoisture
onCO2 emissionswas enhancedin theamended soils.
In addition, SOC was not observed to be a relevant
factor in CO2 emissions in the CONTsoil orin AE-treated
soils,and onlycontributed1.7%of the explanation

951

Mediterranean agricultural soils

fig. 4. Soil Respiration
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insoils treated withAN.That is, thedecline inthe
importanceof environmental factorson soil CO 2
variationswas notexplained by the SOC values. This
could be due to the more minor variations in SOC than
in moisture and temperature throughout the time of
the experiment. It is also possiblethat onlycertain
fractionsof organic carbonexplained thesevariations
(Dumale et al., 2011; González-Ubierna et al., 2012).In
summary, the results suggest that the increase in CO2
emission is due to the consumption of the labile fraction
of the sludge carbon while the original SOC remains
stable.

- The type of sludge applied also influences soil
carbon evolution, to a greater extent in the case of
anaerobic sludge. The application of aerobic digested
sludge had a greater influence at the early stages, but
its effect decreased throughout the first year. This
could be related to its high rate of readily mineralized
carbon forms. Anaerobic sludge provided more
polymerised forms. Although it appeared to have less
effecton soil carbon at the beginning of the amendment,
this impact became more extensive over time.
- The rates of soil CO2 emissions were related to the
sludge type and application rates, with the highest
values observed in high doses of AE sludged-soils.
- The increase in CO2 emissionsmay be related mainly
to the consumption of the sludge labile carbon fraction;
while the SOC content remained stable.
- Further study is requiredinto soil respiration after
the application of organic amendments in order to reach
a decision as tothe most effectivetype of amendments
to configure the soil as a sink for carbon sequestration.
These additional studies should be taken into account
as part of the decision-making process within the
sphere of agricultural policy.

The early sampling results showed that theeffect
ofthe amendments on soilcarbon depends on the
typeof sludge and the application rate. In theAEamended soils, an increase was observed
inmineralisation processes, with a clear rate effect. This
result was reflected inasignificantincrease in Rs rates,
whichproducedadrop in pH values andanincrease in
SHC content. In the soilstreated withAN, the
mineralisation processeswere less intense, and the rate
effect was moreunclear.These differences may be
explained bythe varying compositionsof the sludge,
with AE presenting a higher proportion ofSOCand
LPforms (Fernández etal., 2009).
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The analysis performed one year after the sludge
applicationshowed adifferent effectthan expected
based on the results of a previous work(GonzálezUbiernaet al.,2012).There was an increasein TOC
insoils treated withAN,while the values intheAEamended soils were maintained, which can be explained
bythe contribution of TOC fromvegetation thatgrew
spontaneouslyonthe plots and was not harvested.The
unusualrainfallinlate springandearly summerof
2008caused anexplosive growthof vegetation.Some
authors(Dube et al., 2012;Lopez et al., 2012)estimateda
contribution ofSOCfromannualvegetationof between
10and 20g/kg.The samplesanalysed two yearsafterthe
sludge application evidenced a trendtowards recovery
ofthe CONT soil values.Onlysoils treated withhigher
ratesof ANcontinued to showsignificant differences
from theCONTsoils in all carbonforms measured.In the
AE-treated soils, onlydifferences insoil chemical
properties(pHand EC) were observed.The differences
foundbetween treatments revealed that theANamended soils hadmore complex carbonforms, which
made a greater contribution to themaintenance ofsoil
carbon, resulting in lower respiration rates.
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