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Abstract

In southern Europe (Italy), a two-site field experiment with contrasting soil conditions (high clay—
SOC-protecting soil near Napoli versus low clay—non-SOC-protecting soil near Torino) was
conducted to evaluate the short-term potential of a carbon (C) friendly management to sustain and
possibly increase both crop yields and soil organic C (SOC). Compost distribution (COM1, COM2)
and minimum tillage (MT) were compared to conventional management (CONV) in a maize-based
cropping system. COM1, MT, and CONV ecach received 130 kg N ha—1 in compost or urea form. A
double dose was applied to COM2 while the plowed control plots (O N) were not fertilized.
Fertilizers were applied for three years (from 2006 to 2008); residual soil fertility was assessed
during the fourth year (2009).

Results suggested that only the SOC protection strategy via MT could be agronomically sustainable
in the high clay content soil near Napoli. There, a short-term SOC increase was recorded with either
compost or MT application. In fact, in the same soil, compost use depressed both yield and N
availability for maize, which we attribute to the reduction of SOM mineralization due to
hydrophobic protection by added humified organic matter coupled with soil physical protection.
Compost addition increased SOC (55.1% of added C) in the soil near Torino, where high native N
availability buffered its low mineralization and allowed high yields. Alternatively, MT showed no
effect on short-term C dynamics, probably because the low organic matter protection favored

oxidation and mineralization of root-derived C.

Keywords

compost; minimum tillage; maize; mineralization; short-term C dynamics; SOC physical protection.
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1. Introduction

In recent decades, wide scientific debate has highlighted the need to preserve and restore soil
organic matter (SOM) (Bot and Benites, 2005; Lal, 2009, 2011) and fertility (Johnston, 1991; Bauer
and Black, 1994; Doran and Parking, 1994) with the aim to improve soil ecosystem functions
(Manlay et al., 2007; Mondini and Sequi, 2008) and atmospheric CO2 sequestration into SOM
(IPCC, 2007b). Acknowledged by environmental stakeholders (Brown, 1984; Bot and Benites,
2005; Scherr and Sthapit, 2009), the science has been endorsed at both national and international
levels. Among the most important examples are the ratification of the Kyoto Protocol (UNFCCC,
1997; IPCC, 2007a) and the adoption of the Conservation Reserve Program (CRP) in the USA
(Follett, 2001) and the Common Agricultural Policy in the EU (European Council, 2005; European
Community, 2009).

Agriculture is one of the major causes of SOC decline (Eswaran et al., 1993; Bruce et al., 1999;
Guo and Gifford, 2002; Celik, 2005). It has not only reduced organic C inputs to the soil, but also
increased mineralization of newly-added and old-stabilized organic matter (Lal, 2004) from soil
disturbance. Soil tillage is the crop management technique that impacts SOM degradation highly
since it can alter oxidative conditions (Alluvione et al., 2009) by disrupting soil structure and
exposing soil aggregate C to microbial activity (Six et al., 2000; Pinheiro et al., 2004; Fagnano and
Quaglietta Chiaranda, 2008). Therefore, the two main strategies to counterbalance SOC depletion
(Paustian et al., 2000; Follett, 2001; Freibauer et al., 2004; Lal, 2008, 2009) are to increase C inputs
or to decrease soil disturbance.

Increase C inputs

Fertilization can promote SOC sequestration through increased residue production (Halvorson et al.,
1999; Follett, 2001; Alvarez, 2005) and C addition when organic fertilizers are used (Grignani et
al., 2007; Melero et al., 2007; Triberti et al., 2008). Moreover, adding stabilized organic matter (i.e.
compost) can enhance humification through several means: augmentation of recalcitrant compounds

(Dick and Gregorich, 2004; Bertora et al., 2009); protection of stabilized SOM (Spaccini et al.,
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2002; Piccolo et al., 2004; Lynch et al., 2006); chemical modification of SOM (Spaccini et al.,
2009); increased aggregate stability (Abiven et al., 2009; Diacono and Montemurro, 2010).
Compost fertilization can exert other positive environmental effects. In particular, it not only
reduces groundwater N pollution risk (Erhart et al., 2007) and greenhouse gas emissions (Ginting et
al., 2003; Alluvione et al., 2010), but also it maximizes the amount of stabilized C (Bernal et al.,
1998). Park or urban solid waste compost can substitute mineral-N fertilizers in some agro-
ecosystems (Eriksen et al., 1999; Tejada and Gonzalez, 2003; Courtney and Mullen, 2008), but its
effects must be verified in the specific pedo-climates where it is applied, as its low N mineralization
rate (Claassen and Carey, 2004; Bowden et al., 2007; Diacono and Montemurro, 2010) might
depress crop growth (Leroy et al., 2007). At the local level, municipal solid waste (MSW)
composting has become an important way of recycling organic matter and plant nutrients (Ikumo,
2005; Erhart et al., 2007; Courtney and Mullen, 2008; Hargreaves et al., 2008) and to divert wastes
from landfills (Gigliotti et al., 1996; European Commission, 2000; Hargreaves et al., 2008),
although the potential for metal and organic pollution must be considered (Moreno et al., 1996;

During and Géth, 2002; Jordao et al., 2003; Fagnano et al., 2011).

Decrease soil disturbance

Conservation tillage techniques, aimed at minimizing soil inversion and soil structure disruption,
increase SOM by reducing residue and organic matter oxidation (Lal and Kimble, 1997; West and
Post, 2002; Holland, 2004; Alluvione et al., 2009). Although uncertainty remains as to the SOC-
sequestering efficacy of such techniques given the limited potential for C accumulation in different
soil layers (Baker et al., 2007; Lal, 2009; Luo et al., 2010), there is no doubt about their fossil fuel-
saving benefit. Conservation tillage techniques are many and varied: no-till, strip tillage, and
minimum tillage (increasing level of soil disturbance). Soil organic matter accumulation from no-
till can, in fact, be larger than that obtained using minimum tillage, (Hernanz et al., 2009; Sombrero

and de Benito, 2010; Lopez-Fando and Pardo, 2011); however, minimum tillage has applicability to
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a wide range of pedoclimatic situations and creates better conditions for seed germination and pest
control (Van den Putte et al., 2010).

C-friendly agronomic practices can be adopted by farmers if yields are comparable to those
obtained in business-as-usual practices (Freibauer et al., 2004). Furthermore, since soil C
sequestration-promoting methods interfere with nutrient cycling and water balance, alternative
tillage (Six et al., 2002; Hutchinson et al., 2007; Morris et al., 2010; Mazzoncini et al., 2011) and
fertilization (Alvarez, 2005) techniques must be chosen based on the specific pedo-climate and
cropping system in use (Luo et al., 2010). In particular, positive outcomes are not as obvious in
Mediterranean climates, especially with regard to crop development. High summer temperatures
coupled with low precipitation (JRC, 2001) strongly affect nutrient and water availability, microbial
activity, and crop development. Nonetheless, soils from Mediterranean pedo-climates are among
those that can benefit most from strategies to increase soil organic matter because of their typically
low SOM starting levels (JRC, 2001; Zdruli et al., 2004; Ryan et al., 2009; Diacono and
Montemurro, 2010).

Research that evaluates the strategies of adding or protecting SOC side-by-side, under differing
pedo-climates, would therefore assess the best agronomic and environmental outcomes (Dam et al.,
2005). To this end, we designed a field experiment that included three objectives. Our first goal was
to assess the applicability of alternative C- friendly strategies aimed at increasing soil organic
matter or reduce its oxidation—either addition of stabilized organic matter in the form of compost
or adoption of minimum tillage. Strategy success was evaluated by the ability of each to support
maize yields, crop N nutrition, and short-term soil fertility. Our second goal was to evaluate the
potential of tested strategies to positively affect short-term C dynamics. Our third goal was to
identify guidelines to assist in the selection of C sequestration strategies more suitable for different
pedo-climatic conditions. Using two southern European soils from different pedo-climatic

conditions, we tested the following hypotheses:
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(i) Minimum Tillage or compost fertilization are agronomically sustainable since they support
maize growth at levels similar to traditional moldboard plowing coupled with urea
fertilization;

(if) Minimum Tillage and fertilization with compost positively affect short-term soil C
dynamics;

(iii)  the ability of a C-friendly strategy to sustain maize growth is driven by soil properties.

2. Materials and Methods

2.1 Study sites

The field trials were carried out in two contrasting pedoclimates in Italy belonging to the
mesothermal climate family (Strahler and Strahler, 1984). The chosen sites were exemplary of
typical agricultural pedo-climates of southern Europe. Site TO, located in the Po River Valley near
Torino (44°53 N, 7°41 E, 232 m a.s.l.), belongs to climate type F (hot temperate climate without
dry season, similar to temperate climates). Its long-term average yearly temperature is 11.9 <C, and
the long-term average yearly precipitation is 734 mm, characterized by two main rainfall periods:
spring (April-May) and autumn (September—November). Site NA, located in a coastal plain of
southern Italy, specifically the Sele River Plain near Napoli (40°37 N, 14°58 E, 30 ma.s.l.),
belongs to climate type S (hot temperate climate with dry summer, also called Mediterranean
climate). In this case, the long-term average yearly temperature is 15.5 °C, and the long-term
average yearly precipitation is 908 mm, with a peak in autumn-winter and a very dry summer. A
more extensive description of the meteorological conditions of the two study sites can be found in
Grignani et al. (2012). Soil properties differed at the two sites—Typic Ustifluvent in TO and Vertic
Haploxeralf in NA. Selected chemical and physical properties of the plowed layer (0-30 cm) in
2006 are reported in Table 1 for TO and NA. In particular, TO soil (silty loam texture) had lower

clay content, lower bulk density, and higher SOM than NA soil (sandy clay loam texture).
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2.2 Treatments and experimental design
We tested the following treatments:
Q) conventional (CONV) moldboard plowing at 30 cm, mineral fertilization with urea (130
kg N ha—1);
(i) minimum tillage (MT) by rotary harrow, mineral fertilization with urea (130 kg N
ha—1);
(iv)  compost (park, garden, and separately collected urban waste mixture) fertilization at
two doses (COM1 and COM2, 130 kg N ha—1 and 260 kg N ha—1, respectively)
followed by soil incorporation with moldboard plow at 30 cm; and

(V) non-N-fertilized control (O N) moldboard plowed at 30 cm.

Since the urea was immediately incorporated into the soil after its distribution, we considered
ammonia volatilization to be null. The experimental design was completely randomized with four
replicates and 48 m2 (6 mx8 m) plots at TO and a completely randomized block with four replicates
and 30 m2 (6 m x 5 m) plots at NA. We chose to grow maize (Zea mays L.) because its high N
demand amplifies the treatment effects. Similarly, we set fertilization levels below crop
requirements (Zavattaro et al., 2012) to emphasize treatment effect differentiation on N uptake
levels. Though it is commonly recognized that only a small fraction of applied N from compost is
available to the subsequent crop (Eriksen et al., 1999; Amlinger et al., 2003; Bowden et al., 2007,
Hargreaves et al., 2008), we applied the same amount of total N via compost as we did via urea to
allow comparison of their N efficiency. Field trials were carried out during four consecutive years
from 2006 to 2009. The preceding crops were sorghum and maize at the TO and NA site,
respectively. To evaluate the management effect on crop and soil organic matter, treatments were
repeated on the same plots from 2006 to 2008 as previously described. To assess soil fertility
changes achieved by the different treatments during the previous years, no N fertilizer was applied

in 2009 and crop development was used as a proxy for residual soil fertility.
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2.3 Crop management

Fertilizers were distributed and incorporated on the same day just before seedbed preparation.
Compost was collected at the beginning of the experiment (2006), stored in 30 kg plastic bags and
used at both locations during the three consecutive cropping seasons. It remained stable and fully
mature with a C:N ratio <20 (Chefetz et al., 1996; Brinton, 2000; Silva et al., 2007), and was not
phytotoxic at the 150 Mg ha—1 rate used for the plant growth assay of Chukwujindu et al. (2006)
suggested by Astori (1998). Compost chemical composition, especially C, N, and moisture content,
slightly varied during the experimentation period and its key chemical parameters are reported in
Table 2. P and K fertilization (P205 = 100 kg ha—1 as triple superphosphate; K20 =200 kg ha—1 as
muriate of potash) were the same for all plots.

All treatments were moldboard plowed at 30 cm (except MT) and two passes of the rotary hoe were
used to prepare the seedbed (including MT); maize was sown according to a density of 7.4 seeds per
m2. A traveling-gun sprinkler irrigation system provided water at TO while a drip irrigation tape
system was used at NA site. Watering was made weekly with a water amount calculated from
reference evapotranspiration (Hargreaves and Samani, 1985) and maize crop coefficients (Allen et
al., 1998). A post-emergence weed control was used for all the treatments. Water quality was not
significantly different at the two sites, with the following average parameters: pH = 7.4, EC = 1.02
dS m—1, NO3 — = 2.3 ppm. Agronomic operations are reported in Table 3, while a more detailed
description can be found in Alluvione et al. (2010). The crop aboveground biomass was entirely
removed at harvest.

2.4 Measured parameters

Treatment effects were evaluated through several indicators and monitoring methods: (i) crop
development (agronomic sustainability) through maize yields and N uptake, (ii) short-term soil
fertility through soil NO3 —-N evolution during the cropping seasons, and (iii) short-term soil

fertility dynamics through organic C and total N evolution during the first three years.



193 Total biomass and N uptake were assessed by hand-harvesting at dent stage from an area of 15 m2
194 (5 min 4 rows with 0.75 m interrow spacing) per plot. Plant samples were oven-dried at 70 °C until
195 a constant weight. The C and N tissue contents were measured using a CHN elemental analyzer
196 (NA 1500 N analyzer from Carlo Erba Instruments, Thermo Fisher Scientific, Waltham, MA).

197 NO3 —N content (SN) was determined by collecting soil samples before sowing, at flowering, and
198 after harvest from three soil layers (0-15, 15-30, 30-60 cm) in all plots and during all years. Pooled
199 data on the 0-60 cm layer will be presented. At TO, soil nitrates were extracted by shaking 100 g of
200 moist soil with 300 ml of 1 M KCI solution for 1 h. Subsequently, the samples were filtered through
201 Whatman no. 1 paper and then frozen until NO3 —N concentration analysis by colorimetry with a
202 continuous flow analyzer (Evolution 1, Alliance Analytical Inc., Menlo Park, CA). At NA, soil

203 nitrates were extracted according to the Hach® method and the extracts were analyzed by

204 spectrophotometry (Hach DR 2000, Hach Company, Loveland, CO).

205 Soil C and total N content was monitored by collecting soil samples from the 0-30 cm plowed layer
206 before experimental start and after each annual harvest. Analyses were carried out on a pooled

207 sample composed by three sampling points per plot. Organic C content was determined through
208 chromic acid digestion (Walkley and Black, 1934) and Total N was determined using the same

209 CHN elemental analyzer from Carlo Erba Instruments as above described.

210

211 2.5 Data Analysis

212 All variables (total harvested dry biomass, total N uptake, soil NO3 —N content, variation in soil
213 organic C, and total N content) were subjected to ANOVA, using SPSS 17.0 software (SPSS Inc.,
214 Chicago, IL). The treatments were considered as the main factor. When possible (total harvested
215 dry biomass, total N uptake, soil NO3 —N content), year effect was analyzed as a repeated

216 measure. Site and crop stage were not included as factors in order to preserve homogeneity of

217 variance, thus these data were analyzed separately. Normality of distribution and homogeneity of

218 variance were verified using the Kolmogorov—Smirnov and Levene tests, respectively. Soil NO3 —
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N content was transformed through natural logarithm (of values added to 100 to eliminate O values)
to preserve normality of distribution and homogeneity of variance before the ANOVA. When
effects were significant, means were separated using the Sidak post hoc test. All statistical
comparisons were made at the a = 0.05 probability level. Average values of variables were

compared between sites using a Student’s t-test assuming unequal variances.

3. Results

3.1 Crop production and N uptake

Maize yields during the three years of treatment application (2006-2008) were affected by site and
fertilization method (Table 4). We observed higher yields in TO as compared to NA. Compost
fertilization significantly reduced total biomass production at NA while no effect was observed at
TO. Minimum tillage had no effect in any of the two locations.

In terms of site effects, total biomass production in CONV was 22.5% higher (P(F) = 0.000) at TO
than at NA (22.9 Mg ha—1 versus 18.7 Mg ha—1, respectively). Annual mean values among
treatments showed a significant decrease at both sites over time (Table 4) although the causes were
different. At TO, yields were significantly lower in 2008 for all treatments due to hail injury. On the
contrary, at NA, we observed a progressive reduction in urea-fertilized plots (from 21.9 Mg ha—1 to
15.5 Mg ha—1 in CONV) while compost yields were constantly low. In the control plots (0O N),
biomass yield did not differ from that of the reference urea fertilized plots (CONV) except in the
second year at NA and in the third year at TO.

At NA, MT and CONV achieved the highest yields but, according to the LSD (Sidak) test, biomass
production in MT did not differ across the years while in CONV it was lower in 2008. On the
contrary, compost application, regardless of fertilization levels, produced the lowest but stable
biomass across all years (three year average of 8.0 Mg ha—1), with values significantly lower than 0
N (=61.6%) in 2006. Control plots were not significantly different from the urea treatments in 2006,

but biomass production was halved in subsequent years with no yield differences in 2007 and 2008.
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At TO, there were no significant maize yield differences among treatments in any year except for
2008 in the non-fertilized control, which yielded less than COM2, MT, and CONV.

The annual pattern of total N uptake was similar to that of total biomass (Table 4). N uptake was
higher at TO than at NA. Tillage had no effect in any location. A site comparison showed that the N
uptake three-year average in CONV was 27.5% higher (P(F) = 0.000) at TO than at NA (235.8 kg N
ha—1 versus 185.0 kg N ha—1, respectively). Annual mean values among treatments resulted in a
significant decrease at both sites (from 261.3 to 160.0 kg N ha—1 at TO and from 156.1 to 85.4 kg
N ha—1 at NA), primarily caused by progressive reductions in urea-fertilized treatments and in 0 N.
At NA, urea-fertilized treatments resulted in the highest N uptake levels (three-year average of
184.8 kg N ha—1). However, a significant average decrease of 51.1% (from 248.2 kg N ha—1 in
2006 to 121.4 kg N ha—1 in 2008) was observed over the years. Values in COM1 and COM2 were
stable across the years and significantly lower than in CONV and MT, with a three-year average
reduction in N uptake of 72.5% as compared to CONV. N uptake was not significantly influenced
by the compost application rate. In 2006, COM1 and COM2 took up significantly less N (—70.2%)
than O N.

At TO, no difference was found between conventional and minimum tillage (three-year average of
233.4 kg N ha—1). However, N uptake in CONV was lower in the second and third year while MT
decreased only in the third year. N uptake with compost treatment was not significantly different
from that with urea.

In 2009, when all plots were unfertilized to evaluate residual soil fertility related to the previous
treatments, no difference in total biomass (on average 23.1 Mg ha—1 at TO and 6.9 Mg ha—1 at NA)
or N uptake (on average 199.9 kg N ha—1 at TO and 42.6 kg N ha—1 at NA) was found among
tillage intensities and N sources (Table 5). However, at TO, COM2 was the only treatment with
total biomass production and N uptake significantly higher than 0 N. Maize yields and N uptake in
2009 were, on average, equal to those of the previous years at TO (except 2008 in which yield was

affected by hail injuries) while at NA, the tendency to decrease in the first three years was
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confirmed in 2009 (—57.2% and —49.8% compared to 2008, for yield and N uptake respectively).
3.2 Soil nitrate-N evolution

Soil nitrate-N (SN) content in the 0-60 cm layer (Table 6) during 20062008 was significantly
higher (P(F) = 0.006) at NA than at TO, with values of the three-year average nearly two times
higher (71.0 and 36.4 kg NO3 —N ha—1, respectively).

In terms of treatment effects at NA, a reduced SN in COM1 was evident only at pre-seeding (Table
6); no treatment differences were found at flowering or harvest. At TO, both pre-seeding and
harvest SN was unaffected by treatment. However, at flowering, SN values in CONV and MT were
on average 6.8 and 4.2 times higher than compost-fertilized and not fertilized treatments (average
value), respectively. Furthermore, we detected no significant effect from compost dosing or from
tillage methods. On the other hand, higher precipitation caused SN to be almost three times lower
(significant) in 2008 than in 2006 and 2007 (Table 6).

In 2009, no SN difference was detected among the treatments during any crop stage at either site
(data not shown). Soil nitrate content at TO was very low (average value across the growing season
was 9.3 kg NO3 —N ha—1) and about the same as rainy 2008 (16.1 kg N ha—1). At NA, SN (58.1
kg NO3 —N ha—1) was 80.8% of the average of the previous year.

3.3 Short-term soil organic matter evolution

Soil C and N data are presented in Table 7 as the difference between final (2008) and initial (2006)
content. These variations represent a short-term soil response to C sequestering strategies and
highlight the start of a system trend moving toward a new equilibrium. The SOC variation was
more pronounced at NA than at TO. Treatments significantly affected the evolution of soil organic
C at both locations and total N at NA. The efficacy of compost and minimum tillage to increase soil
C to a greater extent than CONV differed between the sites (Table 7). On average, NA fertilized
treatments increased (P(F) = 0.000) consistently in SOC content 2.2 times more than the average

absolute variation at TO (0.888 versus 0.400 g C kg—1 soil over the three-year period, respectively).
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At NA, soil organic C content variation in the 0-30 cm layer was 1.240 g C kg—1 higher in MT than
in CONV. The C increase due to COM2 was significantly higher than O N, but the difference from
CONYV was not statistically significant. Based on soil bulk density measured at the beginning and at
the end of the 20062008 period, organic C concentration variation corresponded to a three year
increase of about 4.7 Mg C ha—1 for MT and a three-year increase of 3.75 Mg C ha—1 for COM2,
with a confidence interval (c.i.) ranging from 2.6 to 6.9 Mg C ha—1 and 1.6 to 5.8 Mg C ha—1,
respectively. At TO, the SOC increase in COM2 was significantly higher than in CONV, MT, and 0
N, which corresponded to an absolute increase of 4.4 Mg C ha—1 (c.i. from 2.7 to 6.1 Mg C ha—1)
after three years.

Soil total N variation was not significantly different between the sites. At TO, no treatment effect
was observed. At NA, both compost levels increased total N concentration about 0.150 g N kg—1

more than for CONV (+18.5% with respect to CONV in 2008).

4. Discussion

4.1 Soil fertility in experimental sites

Soil chemical and physical properties were the key factors controlling the different responses of
maize to treatments at the two study sites. Three elements indicated that the ability of the two soils
to sustain crop development differed. First, crop production and N uptake in CONV were always
lower at NA than at TO. In spite of N fertilization below crop requirements at TO, crop production
remained almost constant across the years (excluding 2008 in which hail damage reduced maize
yield) — even in non-fertilized 2009. Using CONV as a reference, its total yield was reduced only
by 5.5% in non-fertilized 2009 as compared to 2006. Conversely, at NA, crop production in CONV
declined between 2006 and 2008, and finally collapsed in 2009, which made evident that the two
soils had different N-supplying potentials.

The second element was soil N availability. The soil N supply potential was estimated by Available

N (AvN), calculated as N uptake plus soil mineral-N (SMN) variation between crop sowing and
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harvest (SMN at harvest — SMN at sowing) (Meisinger, 1984; Bhogal et al., 1999; Montemurro et
al., 2006; Alluvione et al., 2008; Fiorentino et al., 2009). AvN represents the potential
mineralization of soil organic N (PON) only in the non-fertilized plots; however, it also includes N
from fertilizers and the priming effect in the fertilized plots. The differences in N gaseous losses
and leaching (Salmerén et al., 2011) among treatments were assumed irrelevant on AvN. Similarly,
the contribution of atmospheric N deposition and N from irrigation water was assumed to be the
same in all treatments, and therefore not considered in the AvN calculation. At TO, PON was
39.2% higher (143.8 kg N ha—1) than at NA (103.3 kg N ha—1). This was sufficient to sustain plant
growth and N uptake of 0 N and yielded a biomass amount no different from the urea-fertilized
plots. On average, PON was 61.0% of N uptake in CONV at TO and 55.9% at NA. The higher PON
values at TO might have buffered both the urea and compost effect on maize yields as shown by
Erhart et al. (2005) and Montemurro et al. (2006).

Last, the third element that confirmed higher microbial activity and soil fertility at TO versus NA
was based on a survey of the soil microbial communities at the respective sites (Ventorino et al.,
2012). Another study on the same experimental plots (Chiurazzi, 2008), showed fewer non-
symbiotic, N-fixing microorganisms at TO relative to NA that might relate to its higher N
availability.

Despite this evidence, a higher soil nitrate-N content was detected at NA than at TO, both during
the 2006—2008 period and in 2009. Lower average SN at TO might have been the result of higher
winter leaching facilitated by its coarser texture (preseeding) and a higher maize N uptake
(flowering and harvest) rate. Nevertheless, two results make clear that SN is not a good indicator of
N availability or of treatment effect on soil fertility and crop yield. First, although the highest soil
nitric-N content existed at NA, maize growth and N uptake were lower there than at TO. Second,
maize yield and N uptake were different among NA treatments even though SN was homogeneous
across the plots during the cropping season. The opposite occurred at TO, where SN was lower in

compost and 0 N, but N uptake did not vary.



348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

The apparent unreliability of SN to indicate soil N fertility may be due to the fact that soil nitrate-N
content is the net balance between N availability from several sources and crop uptake, plus N
losses. At TO, the high plant available N fulfilled the N needs of maize and did not allow the
treatments to effectively influence crop development during the four experimental years. Thus, the
higher SN that we found in urea relative to compost and 0 N was due to residual N not taken up by
the crop. A series of events confirmed that SOM mineralization compensated for sub-optimal
nutrition and that excess SN accumulated in the soil: (i) the absence of a maize response to N
fertilization through the experiment, (ii) N uptake levels close to potential for the specific pedo-
climate conditions found by Zavattaro et al. (2012) at that site, and (iii) maize yields and N uptake
in 2009 were close to 2007 levels despite a lower SN content. Thus, as Monaco et al. (2010) found
in an adjacent field experiment, while N fertilization did not influence maize yields in the
application year, it is necessary for long-term soil fertility.

At NA, N mineralization from the native soil organic reservoir was tighter and not sufficient to
sustain maize growth, thus all available N was taken up by the crop and no residual SN accumulated
in the urea treatments compared to 0 N. The lower native N availability at NA versus TO, and the
consequent fundamental importance of annual fertilization was reflected in crop production and N
uptake when O N fell below the urea-fertilized treatments after the first year, as the soil was already
unable to sustain maize nutritional needs without external N inputs.

The lower N availability at NA might relate to the ability of the soil to protect organic C from
microbial decomposition, thus reducing the N mineralization rate also. As showed by Ventorino et
al. (2012) at TO, fungi and cellulosolytic bacteria were positively affected by COM2 due to the
simultaneous availability of added organic C and N from SOM. Conversely at NA, repeated
compost additions depressed these same microbial populations with respect to urea-fertilized plots.
The hydrophobic protection of humified OM added with compost (see Section 4.3) and the soil
physical protection on both the added and native organic matter likely reduced C and N availability

to microbes, thereby reducing their activity at NA site. The latter hypothesis is supported by water
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stable aggregate measurements by Spaccini and Piccolo (2012) on NA and TO soils during the
same trial, who showed that the average aggregate MWD (Mean Weight Diameter) for NA soil was
twice that of TO soil (1.4 versus 0.7). The same author reported that at NA, 37% and 34% of total
aggregates was included in the 4.75-1.00 and 1.00-0.50 mm diameter ranges, respectively, while
TO soil showed values of 12% and 25% for these same aggregate classes, respectively. Since SOM
content is lower at NA than at TO site (7.2 g kg—1 versus 10.2 g kg—1, respectively) the higher clay
content could be considered the key factor controlling the macro aggregation in NA soil, allowing a
higher physical protection of SOM.

Lower N availability at the NA site could have also been favored by a lower oxygen availability in
the soil, as suggested by a threefold higher NH4 +:NO3 — ratio (Alluvione et al., 2008), higher soil
bulk density, and finer soil texture. The lower oxygen availability might have hindered organic

matter mineralization, N availability, root development, and finally, maize growth.

4.2 Minimum tillage

Adoption of minimum tillage produced the same maize yields, N uptake, and soil nitrate-N levels at
both locations as did traditional plowing, with the advantage that crop yield and N uptake were even
more stable across years. Specifically, the maize yield variation coefficients in the three years were
lower for MT as compared to CONV (13.1% versus 15.2% respectively at NA and 10.7% versus
13.6% respectively at TO). Our results agreed with other research and indicated that MT is a viable
alternative to traditional deep plowing (Alluvione et al., 2011), especially in Mediterranean climates
(Pala et al., 2008).

Reduction of tillage intensity was also effective in increasing persistence of C derived from crop
residues at NA, which is likely because maize residue decomposition by soil microbes was
mitigated by the protection effect of clay minerals. Soil C measurements showed a three-year
increase of 4.7 Mg C ha—1 for MT, with 2.7 Mg C ha—1 to 6.9 Mg ha—1 as lower and upper limits

of the confidence interval. Such increase is quite high compared to our forecasted results, so a
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partial short-term C balance was arranged to validate it. A rough estimate of biomass input from
MT maize roots done using belowground measurements from 2008 (data not shown) showed an
average value of 3.7 Mg d.m. ha—1, which corresponded to a root:shoot ratio of 0.22 kg kg—1. The
first two year belowground biomass production was estimated using this coefficient and resulted in
4.85 (2006) and 4.45 Mg ha—1 (2007). Therefore, C root input to the soil was 5.21 Mg C ha—1 in
three years according to a C content of 0.40 kg kg—1 (Whipps, 1990).

Another significant contribution to measured organic C is represented by extra root-derived C
(exudates and turnover) that Swinnen et al. (1995) suggest can be estimated as 10% of net C
assimilation. In this case, it corresponds to a total of 3.2 Mg C ha—1 over the three-year period. In
this way, we can hypothesize that the total C input of 8.4 Mg C ha—1 raised the measured organic C
at least 2.7 Mg C ha—1 (32% efficiency); this result seems realistic since our measures included
both organic C from stabilized organic matter and not yet decomposed crop residues. Moreover,
high and fast C sequestration (Freibauer et al., 2004) and low residue mineralization (Thomsen et
al., 1996) are common to clay soils.

At TO, MT was a less effective for increasing soil organic C even though C input from roots and
exudates, calculated as a percentage of crop yields, were higher than at NA (data not shown). This
result was due the low C-protecting attitude of the soil that favored crop residue oxidation from soil
microbiota. Still, it is possible that C sequestration at TO might occur in the medium- to long-term
and that absence of a treatment effect after three years is due to a slow initial C accumulation rate
(West and Post, 2002; Alvarez, 2005).

4.3 Compost fertilization

Compost is known to release a small portion (about 10% on average) of its total N in the first
months after soil incorporation (Iglesias-Jimenez and Alvarez, 1993; Amlinger et al., 2003; Nevens
and Reheul, 2003; Pansu and Thuries, 2003; Hargreaves et al., 2008; Diacono and Montemurro,

2010), since labile N is only a small portion of total N (Beraud et al., 2005).
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As already discussed, the high native N soil available at TO masked low compost mineralization as
observed by Erhart et al. (2005) and Montemurro et al. (2006). Low N availability from compost
was made evident by several study events: lower maize yield and N uptake tendency compared to
urea fertilization; significantly lower SN content at flowering than urea; no difference in SN content
versus O N; absence of compost dose effect. In addition, gaseous CO2 and N20 emissions
monitored by Alluvione et al. (2010) on the same plots confirmed the low compost mineralization.
From these events, we hypothesize that a slow N release occurred from compost since both SN and
N uptake were always higher than in 0 N plots; however, the increases were not significant due to
the combined effect of compost distribution and mineralization rates. In fact, such a release would
have been hard to detect given the distributed rates of 130 or 260 kg N ha—1 of compost that
resulted in N uptake increases below the LSD that we found among treatments (56.1 kg N ha—1; see
Table 4). A 15N study performed at the same site confirmed a low release (20% in the 1st year) of
N from compost (Celano et al., 2012).

Contrary to TO results, those from NA were consistent with Eriksen et al. (1999) and Hargreaves et
al. (2008), who showed that compost fertilization reduced maize development and N uptake in soils
with low N availability. Indeed, maize development and N uptake were reduced even below that of
0 N in the first year, which suggested that the lack of N limiting maize growth was probably due to
the humified OM added with compost that was able to preserve native SOM from degradation,
building large hydrophobic domains (Spaccini et al., 2002) and reducing the organic matter
available to microbes. This effect could have been particularly emphasized by soil properties at NA
site, mainly its low OC content and the clay mediated SOC physical protection while no effect was
detected at TO site due to the different pedological conditions (lower clay and higher OC content).
A comparison of our results with field research from Fagnano et al. (2011) confirmed that the
agronomic performance of compost is affected mainly by soil conditions rather than by climate. In
fact, on sandy-loam soil close to NA, they found compost from municipal solid wastes (MSW)

positively affected lettuce yields, as we observed at TO. No reduction in N availability with an
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increased compost rate was observed at NA, probably because the COM1 dose was sufficient to
achieve the maximum hydrophobic protection. In fact, maize yields in compost plots remained
constant throughout the experiment while other treatments, 0 N included, progressively reduced
their performances to levels consistent with the compost-treated plot. No compost-dose effect was
evident on SN given that maize had already exploited all available N, as previously noted in the
discussion of soil fertility differences.

Aside from the observed negative effect of compost application on plant N availability in the SOC-
protecting soil at NA, high N availability is possible in the long-term. In fact, repeated compost
application can progressively increase the N mineralized from added organic N (Leroy et al., 2007),
and result in an N availability similar to one provided by mineral fertilizers (Erhart et al., 2005).
Our results suggest that compost application is suitable for maize fertilization only in fertile and low
clay soils, as found at TO, where the lower protection ability of the soil promotes native SOM and
compost mineralization and overcomes its low N release. In instances where compost fertilization
might reduce yields, compost integration with mineral fertilizers might be the best solution
(Montemurro et al., 2006), at least until the release from accumulated organic N were sufficient
(Diacono and Montemurro, 2010). A compost plus mineral-N fertilization strategy could also be a
viable option from an environmental perspective, reducing the potential risk of pollution of adjacent
ecosystems due to macro and micronutrients excesses in the soil. In fact, compost rate calibration
for crop N needs may inadvertently apply excess P and K, trace elements, and metals (Hargreaves et
al., 2008; Diacono and Montemurro, 2010). Applying compost at a rate equal to N uptake in CONV
during 2006 in each year would have caused distribution, on average, in excess of 8.8 kg P ha—1
and 56.0 kg K ha—1 at TO, and 5.7 kg P ha—1 and 22.4 kg K ha—1 at NA).

In accordance with the results of many researchers (e.g. Diacono and Montemurro, 2010), we found
that compost increased SOC. If SOC in CONV is considered as a reference, then the adoption of
COM2 at TO would have retained 55.1% of added compost C into the soil. We assumed that the

calculated C increase was determined by compost C input alone, as no difference in aboveground



477 biomass production between COM2 and CONV occurred. Consequently, we also assumed that a
478 similar development in root biomass took place (Alluvione et al., 2009). This percentage was

479 similar to the C storage result in a long-term field experiment located at the same TO site for a
480 different stable organic fertilizer such as manure. In fact, after the first year from field application,
481 46% of farmyard manure- C was still in the soil. Conversely, on the same long-term platform,

482 increasing amounts of urea did not produce any significant SOM content differences, which

483 indicated that the amount of mineral- N supplied was not decisive for C sequestration (Bertora et
484 al., 2009). At NA, similar to TO, SOC concentration in COM2 was also almost higher than in

485 CONV, thus suggesting that C storage could be achieved in the long-term if compost were

486 repeatedly applied. An in-depth examination of compost effects on the molecular changes in SOC
487 has confirmed the formation of more stable C compounds, such as fatty acids, n-alkanes, and

488 various biopolyester derivatives (Spaccini et al., 2009).

489

490 5. Conclusions

491 Alternative and C-friendly strategies need evaluation to optimize the best practice for crop yield and
492 SOC sequestration in the specific pedo-climate of different agro-ecosystems. We conclude that the
493 tested techniques are ideal options to substitute for traditional management in specific soil

494 conditions. Application of a stable organic matter such as compost is valuable in soils with a low
495 attitude to SOC physical protection, but should be avoided in soils characterized by high clay

496 content. Even though soil C sequestration is achievable under both conditions, crop yields can be
497 depleted in soils where the low availability of SOM to microbes also entails a reduced N

498 availability. In fact, crop production can be sustained, despite low compost N mineralization rates,
499 in soils with high native N availability. When such conditions exist, coupling compost application
500 with a mineral-N source is necessary to compensate for the low N release and also helps to balance
501 nutrients other than N. On the other hand, compost applied to SOC-protecting soils can reduce N

502 availability and depress crop development. Of course, after long-term (decades) compost
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fertilization, even these soils may be improved in both chemical (N availability from SOM
mineralization) and physical fertility (aeration after macro-porosity increase) to reach their capacity
to sustain crop N requirements.

Preservation of organic matter oxidation through minimum tillage maintained crop production in
soils with both high and low clay content, but its fit is better in soils where SOC-protection is
higher. Under such conditions, SOC increases are best pursued by reducing soil disturbance to
hinder C mineralization, rather than by adding stable organic matter. Organic matter addition is less
effective because plowing to incorporate it causes excessive aeration. On the other hand, in low clay
soils, aeration is high and tillage intensity reduction is insufficient to hinder residue mineralization,
which explains why the addition of stable compost increased soil organic C only at TO. Our
findings confirm that no single solution to environmental issues exists; instead, a series of options
that require evaluation for each unique combination of pedo-climate and farming system conditions

are necessary.
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792 Tablel

793 Selected soil chemical and physical properties in the 0- to 30-cm layer (plowed layer) at the study

794 sites.

NA TO
50il texture
Sand, % 46.5 36.0
Silt, % 223 56.5
Clay, % 31.2 7.5
Soil bulk density, Mg m—3 1.42 1.31
WHC (% v/v) 16 19
Chemical properties
pH (1:2.5 soil:water) 74 8.1
Active CaC03, gkg! - 24.0
Organic C, gkg ! 7.2 10.2
Total N, gkg! 0.9 1.0
Exchangeable K, cmol kg 1.11 0.15
Olsen P, mg kg ! 31.5 16.0

795
796



797 Table 2

798 Chemical composition of the compost added to plots each year.

2006 2007 2008
Dry matter, gkg~! f.m.2 569 610 616
Organic C, gkg ! d.m.P 330 256 227
Hemicellulose, gkg—' d.m.c 124 10.7 04
Cellulose, gkg~! d.m.c 106 80 84
Lignin, gkg ! d.m." 128 112 127
Soluble C%Total C 337 301 479
Ash, gkg! d.m.? 19 21 23
Total N, gkg ! d.m. 159 12.2 9.8

3 Weight loss at 105=C.
b Wet oxidation by dichromate.
© From Van Soest et al. (1991).
¢ Soluble C was computed by the difference between total C and C in the neutral
detergent fiber fraction (Van Soest et al., 1991).
£ Loss on ignition at 550°C.
I Kjeldahl method.
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801 Table 3

802 Schedule (day/month) of agronomic operations at the two sites.

803
Operations NA TO
main tillage according to 04/11, 2005 18/05, 2006
experimental protocol
08/11, 2006 04/06, 2007
11/10, 2007 19/05, 2008
18/10, 2008 19/05, 2009
Fertilization?® and seedbed 17/05, 2006 18/05, 2006
preparation
24/05, 2007 04/06, 2007
05/05, 2008 19/05, 2008
11/05, 2009 19/05/2009
Maize sowing 22/05, 2006 19/05, 2006
08/06, 2007 04/06, 2007
06/05, 2008 19/05, 2008
13/05, 2009 21/05, 2009
Weed control 16/06, 20/07, 2006 08/06, 14/06, 2006
20/06, 23/07, 2007 06/06, 25/06, 2007
18/06, 22/07, 2008 19/06, 2008
15/06, 20/07, 2009 18/06, 2009
Irrigations mm water 2006: 275 mm (12) 2006:160 mm (4)
(applications)
2007: 345 mm (12) 2007:140mm (3)
2008: 362 mm (11) 2008: 40mm (1)
2009: 320 mm (12) 2009: 40mm (1)
Harvest 07/09, 2006 22/09, 2006
09/09, 2007 10/10, 2007
20/08, 2008 29/09, 2008
17/08, 2009 22/09, 2009
4 Only P and K fertilization in 2009.
804
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812

813
814

Table 4

Total biomass and N uptake of the different treatments at NA and TO during the three years of

treatment application (2006 to 2008). The following were the studied treatments: moldboard

plowing after urea fertilization (CONV), minimum tillage after urea fertilization (MT), compost

supplied at two levels (COM1 and COM2) followed by moldboard plowing, and non-N-fertilized

control plowed by moldboard (0 N).

NA TO
2006 2007 2008 2006 2007 2008
Total biomass [Mgd.m.ha ' ]2 CONV 219 18.7 155 254 239 19.4
MT 220 20.2 16.9 219 244 19.7
CcomM1 7.0 6.7 6.8 236 238 16.4
comz2 9.5 8.6 9.3 236 228 18.1
ON 215 9.3 114 242 211 13.1
P(F) LSD(Sidak) P(F) LSD(Sidak)
Effects Treatment 0.000 - 0.420 -
Year 0.000 - 0.000 -
Interaction 0.000 53 0.000 3.8
N uptake [kgNha 2 CONV 2533 186.0 1156 2871 2224 197.9
MT 243.0 183.9 127.2 257.1 250.1 186.0
CcomM1 42.7 40.6 46.7 246.9 220.0 140.6
com2 634 56.0 55.9 261.1 202.5 161.6
ON 178.0 57.5 818 2535 177.2 1139
P(F) LSD(Sidak) P(F) LSD(Sidak)
Effects Treatment 0.000 - n.s. -
Year 0.000 - 0.000 -
Interaction 0.000 53.3 0.011 56.1

3 Mean values for treatments and years were not reported as the interaction was significant.



815 Table 5

816 Total biomass and N uptake of the different treatments at NA and TO in 2009. The following were
817 the studied treatments: moldboard plowing after urea fertilization (CONV), minimum tillage after
818 urea fertilization (MT), compost supplied at two levels (COM1 and COM2) followed by moldboard

819 plowing, and non-N-fertilized control plowed by moldboard (0 N).

Total biomass N uptake
NA (Mgd.m.ha-1) TO (Mgd.m.ha-1) NA (kgNha ) TO (kgNha')
CONV 83 24.0 495 2173
MT 74 21.6 47.0 198.8
COM1 59 23.7 347 2054
com2 6.8 25.0 437 2228
ON 59 21.2 379 155.0
ANOVA, P(F) n.s. 0.016 n.s. 0.016
821 LSD (Sidak) - 3.7 - 59.9

822
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831

Table 6

Soil nitrate-N content (SN) in the 0- to 60-cm layer in the different treatments at NA and TO during
the three years of treatment application (2006 to 2008). The following were the studied treatments:
moldboard plowing after urea fertilization (CONV), minimum tillage after urea fertilization (MT),
compost supplied at two levels (COM1 and COMZ2) followed by moldboard plowing, and non-N-

fertilized control plowed by moldboard (0 N).

NA TO
Pre-seeding Flowering Harvest Pre-seeding Flowering Harvest
Treatment [kg NO;~-Nha-']? CONV 89.1ab 59.2 66.6 40.8 96.3a 61.1ab
MT 92.7a 66.1 86.3 392 59.6a 71.8a
COM1 68.8b 68.4 65.8 46.1 16.1b 17.6ab
comMz2 76.6ab 66.2 616 436 165b 14.0ab
ON 70.0ab 65.4 66.4 350 9.8b 9.9b
Year [kgNO; -Nha ']2 2006 66.7b 47.6b 83.3a 65.3a 423a 21.6b
2007 87.3a 71.2a 65.6Db 613a 48.2a 52.7a
2008 87.4a 78.7a 63.4b 49b 19.2b 25.2b
Avg [kgNO;~-Nha-'] 80.2 653 70.5 409 36.0 325
ANOVA Treatment 0.014 n.s. I.S. Is. 0.000 0.007
[P(F)] Year 0.028 0.000 0.009 0.000 0.000 0.000
Interaction n.s. n.s. I.s. ns. .S, n.s.

2 Data normalization and homogenization of variance were performed by logarithmic transformation (natural logarithm of values added of 100 to eliminate 0 values).
Back-transformed data are reported here.



832 Table7

833 Soil organic C and total N concentration variations of the different treatments at NA and TO at the
834 end of treatment application (harvest in 2008) relative to pre-treatment conditions (pre-fertilization
835 in 2006). The following were the studied treatments: moldboard plowing after urea fertilization
836 (CONV), minimum tillage after urea fertilization (MT), compost supplied at two levels (COM1 and

837 COM2) followed by moldboard plowing, and non-N-fertilized control plowed by moldboard (0 N).

NA TO
Confidence interval (95%) Confidence interval (95%)
Mean Lower limit Upper limit Mean Lower limit Upper limit
Soil organic C [AgC/kg soil] CONV 0.260 -0.18 0.70 -0.172 —0.447 0.103
MT 1.500 1.06 1.94 -0.122 -0.397 0.153
CoM1 0.570 0.13 1.01 0.410 0.135 0.686
com2 1.220 078 1.66 0.896 0.621 1.172
ON —-0.043 -0.87 0.01 —0.581 —0.856 —0.306
ANOVA, P(F) 0.000 0.000
LSD (Sidak) 0.975 0.598
Soil total N [Ag N/kg soil] CONV -0.118 -0.170 —0.066 —-0.073 —-0.020 0.006
MT -0.029 -0.081 0.023 -0.078 -0.021 0.005
coMm1 0.037 -0.015 0.088 0.048 —0.008 0.018
Ccom2 0.026 -0.025 0.078 0.012 -0.012 0.014
ON -0.075 -0.126 -0.023 0.008 -0.012 0.014
ANOVA, P(F) 0.003 LS.
839 LSD (Sidak) 0.114 -
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