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Highlights

In orchard soils aggregate stability declined under conventional tillage, remained unaltered
under no-tillage, improved after digestate amendment.

Following application of solid anaerobic digestate, opposite responses in microbial C-use
efficiency and soil N balance were found depending on soil textural and chemical properties.
No-tillage exerted greater beneficial effects on C-use efficiency and microbial biomass in the
coarse than in the fine-textured soil.

Magnitude and persistence of soil responses were influenced by soil texture and carbonate

content.
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Abstract

Soil structure degradation, declining soil organic matter and nutrient losses are among major
drawbacks of continuous conventional tillage with large-scale environmental consequences
including decreasing soil productivity, groundwater contamination and greenhouse gases emissions.
This becomes especially true in conventionally-tilled Mediterranean croplands which are also
affected by severe climatic conditions. In this study, a one-year field experiment was carried out to
investigate the impact of different tillage practices on the soil fertility status in two fruit tree
orchards (olive, citrus) with contrasting soil texture (clay, sandy loam), carbonate content (non-
calcareous, slightly calcareous) and pH (strongly acid, slightly alkaline), located in Southern Italy.
Treatments included in this study were conventional tillage, conventional tillage combined with the
incorporation of solid anaerobic digestate, and no-tillage. Changes in the aggregate stability and
dynamics of various C and N pools were assessed by monitoring a large set of physical (aggregate
stability index), chemical (pH, electrical conductivity, total organic C, total N, nitrate-N,
ammonium-N, total soluble N, extractable organic N), biochemical (microbial biomass C and N,
basal respiration, potentially mineralizable N) and eco-physiological (microbial and metabolic
quotients, mineralization coefficient) soil variables. Results showed that the stability of soil
aggregates declined under conventional tillage, remained unaltered under no-tillage, improved after
digestate amendment. Moreover, following incorporation of digestate large and long-lasting
increase of the organic pool, microbial C-use efficiency and release of soluble C and N forms were
observed in the fine-textured soil. Whereas opposite responses were found in the moderately coarse
alkaline soil, where incorporation of digestate stimulated C resources depletion, microbial
respiration and N losses due to ammonia volatilization with less beneficial effects on soil organic
pools. On the other hand, no-tillage prevented soil C and N resources from over-exploitation (as
observed in conventionally-tilled soils) with greater beneficial effects on C-use efficiency and
microbial biomass found in the coarse than in the fine-textured soil. Our findings suggest that

improved management practices such as no-tillage or conventional tillage combined with
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incorporation of solid anaerobic digestate should specifically deal with soil and climate conditions

to became effective for restoring the fertility status in Mediterranean orchard soils.

Keywords
Aggregate stability; Citrus sinensis (L.) Osbeck; microbial C-use efficiency; N dynamics; Olea

europaea L.; soil organic matter; soil texture

1. Introduction

In European semi-arid Mediterranean regions agricultural management with deep tillage and no
organic fertilization is a major determinant of accelerated erosion, decline of soil organic matter,
loss of nutrients and depletion of soil functions with a consequent reduction of crop yields, and
eventually desertification (Zdruli et al., 2010; Lal and Stewart, 2013). As long as the protection of
non-renewable soil resources has become a world-wide contemporary task in agriculture, improved
management practices have been proposed as urgent measures in Mediterranean agricultural soils to
contrast soil degradation while ensuring food security and mitigating greenhouse gases emissions
(Holland, 2004; Wezel et al., 2015; Chabert and Sarthou, 2020).

Perennial crops (such as olive, citrus, almond, grapevines, peach, apricot) represent
approximately 16% of the agroecosystems in the Mediterranean area with great economic
importance (Morugan-Coronado et al.,, 2020). Some of the most typical characteristics of
Mediterranean orchards are the presence of mono-cropping with long tree spacing, mostly rainfed
farming, and frequent tillage to avoid the growth of vegetation in the alleys. Since soil remains bare
practically all year (Parras-Alcantara et al., 2016), thus, a successful strategy to reduce the negative
effects of woody cropping systems on soil is to manage tillage. Replacing conventional practices
with reduced or no-tillage practices or providing incorporation of organic amendments have been
successfully proposed as improved management systems to overcome losses of soil, nutrients and

soil organic matter (Debiase et al., 2016, 2018; Montanaro et al., 2017; Fiore et al., 2018). In recent
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years, a number of organic by-products from agro-industrial and agro-energy activities have
become increasingly available whose use is of great interest for managing the fertility of the soil
especially in the Mediterranean area. Among these by-products, appears the digestate that
constitutes the end-product of the anaerobic digestion (AD) process of mixed organic wastes for the
biological production of the biogas, a gaseous mixture of methane (50-80% v/v) and carbon dioxide
used for generating energy and heat (Chynoweth et al., 2001). According to the European Biogas
Association, the currently active 17.783 biogas plants contribute to the production of renewable
energy with an installed electric capacity of 10.532 MW (EBA, 2018). The production of digestate
is actually estimated as large as 20 m® yr* per KW installed (Vilanova Plana and Noche, 2016) with
an increasing trend of total amounts because AD plants are expected to increase in the future.
Ordinarily, anaerobic digestate is made up of two main fractions according to the dry matter
content: a liquid fraction (dry matter 2-8%) and a solid fraction (dry matter 22-30%) (Tambone et
al., 2010; Kuusik et al., 2017). The solid fraction is characterized by an alkaline pH, total carbon
(C) concentration of about 400 g kg™ with small differences among digestates, total nitrogen (N)
content ranging from 15 to 150 g kg™ mostly represented by the ammonium-N form (up to 67%),
phosphorus (P) concentration variable from 0.2 to 70 g kg™ and a relatively large potassium (K)
content (from 1 to 100 g kg™) (Teglia et al., 2011; Makadi et al., 2012; Tambone and Adani, 2017;
Beggio et al., 2019; Maurer et al., 2019). Nutrient content together with partially-decomposed
organic substrates make the solid anaerobic digestate of potential use in agriculture as a substitute
of synthetic fertilizers or as a soil conditioner. Nevertheless, large amendment with solid anaerobic
digestate can affect soil chemical properties such as the pH (Kataki et al., 2017; Cardelli et al.,
2018) and the electrical conductivity (Posmanik et al., 2017). Moreover, the large amount of
ammonium-N entering the soil can stimulate the nitrification process thus increasing the nitrate-N
pool available to crops or potentially leachable (Alburquerque et al., 2012a; Makadi et al., 2012;
Abubaker et al., 2015; Maucieri et al., 2017). Furthermore, digestate supplies soil with partially

decomposed organic materials which accumulate or promote microbial respiration with contrasting
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effects on soil C budget and physical properties (Odlare et al., 2008; Beni et al., 2012; Frgseth et al.,
2014). Finally, soil microbial biomass provided contradicting responses: in some cases it increased
significantly (Garcia-Sanchez et al., 2015a; Fernandez-Bayo et al., 2017; Muscolo et al., 2017), in
other cases it showed a small transient increase (Johansen et al., 2013), in others it showed no effect
(Makadi et al., 2012). To sum up, benefits from improved soil management practices are not always
simple to predict or fully achieve, especially when applied for a short-term period, because their
effects can be highly site specific due to soil and climate conditions (Minoshima et al., 2007;
Aguilera et al., 2013; Boukhdoud et al., 2016; Badagliacca et al., 2018).

Given these premises, our research aimed to investigate the effects of two improved soil
management practices (organic amendment with solid anaerobic digestate and no-tillage) on the
fertility status of two Mediterranean orchard soils with contrasting texture, carbonate content and
pH. To this aim, a large set of physical (soil aggregate stability index), chemical (pH, electrical
conductivity, total organic C, total N, nitrate-N, ammonium-N, total soluble N, extractable organic
N), biochemical (microbial biomass C and N, basal respiration, potentially mineralizable N) and
eco-physiological (microbial and metabolic quotients, mineralization coefficient) soil variables
were monitored following the treatments in an olive and a citrus orchard soil over one-year study
period. Results from the organically managed and the no-tilled plots were compared to those from
conventionally tilled plots. Three major hypotheses were here tested: 1) amendment with anaerobic
digestate contributes soil fertility with a long-lasting release of soluble C and N forms (H1); 2) soil
textural properties do greatly affect magnitude and persistence of digestate-induced effects (H2); 3)
no-tillage exerts similar effects on soil C and N pools and their dynamics in a way irrelevant to the

soil type (H3).

2. Materials and methods

2.1 Solid anaerobic digestate
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Solid anaerobic digestate was provided by a local medium-scale biogas producing plant (< 1
MW) operating under mesophilic conditions (T ~40 °C). The biogas plant was supplied with 70%
animal manures (cow and poultry), solid wastes from citrus and olive processing plants, pruning
materials, maize silage, crop residues (20%), and milk serum (10%). The rated power of the plant is
999 kWh with a hydraulic retention time (HRT) of 60 days in two continuously stirred tank reactors
(CSTR) of a total capacity of 7500 m* (2500 m® tank reactor 1 + 5000 m*® tank reactor 2). The total
volume loaded per day is 120 m®, the hydraulic retention time (HRT) is 60 days, the minimum
guaranteed retention time (MGRT) is 16 h at 40 °C. The resulting digestate was mechanically
separated into the aqueous fraction (named liquor), which was discarded, and the solid fraction,
which was collected and characterized (Table 1) according to Tambone et al. (2010) and Bonetta et

al. (2014) before being used in the present experiment.

2.2 Study sites

The field experiment was established during the 2015/2016 growing season in two orchard sites
(an olive and a citrus grove) located within the Calabrian region (Southern Italy) showing
contrasting soil texture, carbonate content and pH (Fig. 1).

The olive (Olea europaea L. cv. Carolea; 70-year old plants with a planting distance of 6 x 6 m)
orchard is located in the area nearby Lamezia Terme (Catanzaro, 38°58” N, 16°18” E, 81 m above
the sea level) and is characterized by mild and rainy winters and relatively warm and dry summers.
Mean annual rainfall and air temperature are, respectively, 1094 mm and +14.3°C (averages over
the 1985-2015 period) (ARPACAL, 2018). Soil thermal and moisture regimes are thermic and udic
(first 150 cm), respectively (ARSSA, 2003). The soil is classified as Typic Hapludalf fine, mixed
thermic (Soil Survey Staff, 2010) or Cutanic Profondic Luvisol (IUSS Working Group WRB,
2006). The soil is an acid clayey soil (Table 2) and has been kept continuously cultivated with olive

trees since mid-50s and since then periodically tilled (till layer 0-20 cm).
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The citrus (Citrus sinensis (L.) Osbeck cv. Tarocco; 30-year old plants with a planting distance
of 4 x 4 m) orchard is located near Locri (Reggio Calabria, 38°13’ N, 16°14” E, 12 m above the sea
level) in an area with mild rainy winters and arid and warm summers where mean annual rainfall
and air temperature are, respectively, 792 mm and +18.3°C (averages over the 1988-2015 period)
(ARPACAL, 2018), Soil thermal and moisture regimes are thermic and xeric (first 150 cm),
respectively (ARSSA, 2003). The soil is classified as Typic Xerofluvent (Soil Survey Staff, 2010)
or Fluvi Calcaric Cambisol (IUSS Working Group WRB, 2006). The soil is a slightly calcareous
sandy loam soil (Table 2) and has been cultivated with orange trees for the past 30 years and

conventionally tilled to the depth of 20 cm.

2.3 Experimental design and soil treatments

At each site, the experimental set up consisted of field plots (75 m x 18 m each) arranged in a
randomized complete block design, with four replications, in order to compare the following three
treatments: 1) no-tillage (NT), where weeds were controlled by mechanical mowing and their
biomasses was left on soil surface as a residue mulch; 2) conventional tillage (TILL), which
consisted of an inter-row harrowing (~20 cm) followed by a slight rolling; 3) digestate
incorporation (DIG), which comprised the TILL treatment combined with soil incorporation of
solid digestate at a rate of 30 Mg ha™. This dose, established by considering digestate dosages
commonly used in agriculture, is also similar to that used by other authors in C and N
mineralization field experiments using organic conditioners (Barra Caracciolo et al., 2015;
Fernandez-Bayo et al., 2017). According to traditional practices, all field plots were fertilized with
an amount of 400 kg ha™ of a 20N-10P,0s-10K,0 chemical fertilizer supplying 80 kg N ha™, 18 kg

P ha™ and 34 kg K ha™.

2.4 Soil sampling
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Soil samples were collected 6 days before (TO, early May) and then 2 days (T1, May), 7 weeks
(T2, late June), 18 weeks (T3, mid-September) and one year (T4, early May) after the treatments
application. Three individual non-rhizosphere soil cores (approx. 200 g each) were surface collected
(Ap horizon, 0-20 cm soil layer) from the middle of each of the three inter-row space, so as to
minimize any border and plant effect, and then thoroughly mixed to form a unique composite
sample. Four composite samples (each from 9 individual inter-row soil cores) were taken per
treatment. Twelve composite soil samples were collected (3 treatments x 4 replicates) at each
sampling time giving a total number of 60 composite soil samples at the end of the experiment. The
same procedure was applied to both experimental sites thus producing, overall, 120 composite soil
samples. On return to the laboratory, each sample was split in two aliquots: a representative amount
of field moist soil (300 g) was promptly (within 24 h) processed for biochemical analyses; whereas
the remaining aliquot (300 g) was air-dried, sieved to pass through a 2-mm sieve, and then stored at

room temperature before physical and chemical characterization.

2.5 Soil physical, chemical and biochemical variables

The stability of soil aggregates was determined by measuring the soil aggregate stability index
(ISS) on a dry soil using the wet sieving apparatus (Eijkelkamp Agrisearch Equipment, The
Netherlands) according to Kemper and Rosenau (1986). Soil chemical properties were determined
according to the standard methods recommended by the Soil Science Society of America (Sparks,
1996). Briefly, soil acidity was potentiometrically measured in a 1:2.5 (w/v) soil-to-0.01 M CaCl,
solution mixture (pHcacr2); electrical conductivity was measured at 25 °C in a 1:2 (w/v) soil-to-
water ratio slurry (ECy., 25°C). Total organic C and N were analyzed by an elemental analyzer
LECO CN628 (LECO Corporation, M1, USA). Exchangeable ammonium-N (NH,;"-N) and soluble
nitrate-N (NOz N) in 2 M KCI soil extracts (1:10, w/v) were determined colorimetrically by the
Berthelot reaction and Griess-llosvay method, respectively, by using a Flow Injection Analysis

System (FIAS 400 PerkinElmer, Inc., CT, USA) equipped with an AS90 Autosampler
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(PerkinElmer) and linked to a UV/Vis spectrophotometer Lambda 25 (PerkinElmer). KCI soil
extracts were also used to determine the total soluble N (TSN) by using an elemental analyzer TOC-
Lcsw Shimadzu (Shimadzu Corporation, Tokyo, J) equipped with the TMN-L module for total N
determination and an ASI-L Autosampler (Shimadzu). The extractable organic N (EON) was
calculated as the difference between the TSN (Shimadzu method) and the sum of NH,"-N and NO3’
-N (FIAS method).

The microbial biomass C and N (MBC and MBN) were determined following the chloroform
fumigation-extraction (CFE) procedure using a conversion factor of Kgc = 0.45 and Kgy = 0.54,
respectively (Joergensen et al., 2011). The soil basal respiration (Rpas) was determined as described
by Ohlinger (1995). The cumulative CO,-C evolved during a 28-day incubation period (readings
after 1, 4, 7, 14, 21 and 28 days of incubation) was assumed as Ryss. The potentially mineralizable N
(PMN), resulting from net mineralization of the active soil organic N pool during the 28-day
incubation period of Rp,s determination, was estimated as the cumulative soil inorganic-N released
after the 28 days of incubation minus the cumulative inorganic soil N at day O (Drinkwater et al.,
1996). The C and N content in soil extracts for MBC and MBN determination and CO, content
trapped in the soda solution during the Ry, incubation were analyzed by an elemental analyzer
TOC-Lcsy (Shimadzu). The following derived soil eco-physiological indices (Anderson, 2003;
Laudicina et al., 2012) were calculated to assess the impact of improved management practices on
soil microbial functioning: the microbial quotient (MBC:C,y), the metabolic quotient (qCO,), the

mineralization coefficient (QM = Rpas:Corg).

2.6 Statistics

Soil chemical and biochemical data, reported as mean values (n = 4), were expressed on a dry
weight (dw) basis (105°C, 24 h). They were first tested for deviation from normality (Kolmogorov-
Smirnov test) and homogeneity of within-group variances (Levene’s test). Three-way analysis of

variance (ANOVA) (Soil x Time x Management) evidenced a constantly high significant (P <
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0.001) effect of soil type and its interactions on the variability of all data. Therefore, in order to
highlight the effect of time and soil management data from both soils were all considered as
replicated measurements and then processed by a two-way ANOVA (Time x Management). Data
shown in Figs 2-8 were analyzed by a multiple pairwise comparison of means (Tukey’s HSD test at
P < 0.05). Statistical analysis was performed by using a SAS 9.3 software (SAS Institute, Cary, NC,
USA), while all graphs were drawn by using a SigmaPlot v10 software (Systat Software Inc., San

Jose, California, USA).

3. Results
3.1 Soil aggregate stability index

Soil ISS was significantly affected by the soil type and its interactions with time and
management (three-way ANOVA; Table 3). Moreover, the two-way ANOVA showed a significant
effect of soil management and its interaction with time, but not of the sampling time per se (Table
3). Despite the soil type, the ISS remained constant in no-tilled plots. Conversely, the amendment
with solid anaerobic digestate increased ISS values in both soils, with an immediate, more
pronounced (up to 95%) and more extended effect in the olive (from May to September) than in the
citrus (from July to September, maximum value 84%) grove soil (Fig. 2). Furthermore,
conventional tillage (TILL) determined a reduction of ISS values by 19% and 18% respect to NT in
the olive and citrus grove soil, respectively. This effect was still noticeable one month (T2) and four
months (T3) after the beginning of the trial. Nevertheless, any significant difference among

treatments disappeared at the last sampling time (T4, one year after) (Fig. 2).

3.2 Electrical conductivity and pH
Soil EC and pH were significantly affected by the soil type and its interactions with soil
management and sampling time (three-way ANOVA; Table 3). Moreover, the two-way ANOVA

revealed that time and soil management significantly influenced EC in either soil (Table 3).
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Precisely, no-tillage did not produce any significant variation in EC at both the experimental sites
throughout the experimental period. On the contrary, the amendment with solid digestate exerted a
pronounced and positive effect on EC in both soils, with a marked initial response (+205% respect
to TO) followed by a gradual decline over time in the olive grove soil, and a smaller increase (+62%
respect to TO) and a more constant trend in the citrus grove soil (Fig. 3); the highest recorded values
were 485 and 396 pS cm™ in the olive and citrus grove soil, respectively. Yet, soil tillage had no
effect in the citrus grove soil, whereas in the olive grove soil it raised the EC at the first two
sampling times (May and June) by approx. 50% respect to TO level (Fig. 3). Finally, no significant
effect was observed on soil pH (two-way ANOVA, P > 0.05; Table 3), which remained practically

unaffected in all treatments across the whole experimental period (Fig. 3).

3.3 Total organic carbon and total nitrogen

The three-way ANOVA evidenced that soil type and most of its interactions significantly
affected both Coy and TN (Table 3). Nevertheless, Corq and N contents were somewhat different
between the two tested soils: 20.6 vs 13.4 g Corg kg™ and 1.8 vs 1.2 g TN kg™, respectively, in the
olive and in the citrus grove soil (Table 2). On the other side, the two-way ANOVA evidenced that
either Cog or TN were significantly affected only by soil management (Table 3). Precisely,
amendment with solid digestate immediately increased Cog and TN in both soils to, respectively,
28.8 g C kg™ and 2.6 g N kg™ in the olive grove and 16.2 g C kg™ and 1.6 g N kg™ in the citrus
grove soil (Fig. 4). Interestingly, the two tested soils responded selectively to the application of
solid digestate: the increase in total C and N pools showed a significantly more pronounced and
longer-lasting effect in the clay than in the sandy loam soil. It is also noteworthy that in the olive
orchard soil no-tillage brought about a slight increase of Coy and TN (+15%, on average) still
appreciable at the end of the experimental period (Fig. 4). In the citrus grove soil no significant

difference among treatments was found at the final stage.
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3.4 Labile C pools

The three-way ANOVA showed that MBC, albeit statistically affected by Soil x Time and Soil
x Management interactions, was not influenced by the soil type (P > 0.05; Table 4). Moreover, the
two-way ANOVA confirmed that time, soil management and their interaction significantly
influenced the variability of MBC (Table 4). The effects of the treatments on the two soils were
contrasting, selective and different in magnitude. In particular, in the olive grove soil the DIG
treatment markedly stimulated a sudden increase of MBC (from 437 to 770 ug C g, at T1), which
then gradually declined over time to final 605 pg C g™ (Fig. 5). Conversely, MBC dynamics was
less clear in the citrus grove soil where the marked time-dependent fluctuations observed in the DIG
treatment were in most cases consistent with those of the TILL treatment; except at the last
sampling time where a 1.5-fold increase (equal to 750 pg MBC g™) was noticed in DIG, whereas
final TILL values (497 pg MBC g') were same as at the beginning of the trial (Fig. 5). In the olive
grove soil tillage (TILL) produced a short-lived MBC increase appreciable only two days after the
treatment (T1), while time-dependent fluctuations of MBC values similar in TILL and NT were
observed at the remaining sampling times, before reaching final values (range 376 ug MBC g™)
slightly lower than the initial ones. Interestingly, in the citrus orchard soil MBC increased
constantly and smoothly in no-tilled plots reaching a final level as high as 653 pg MBC g™ (Fig. 5).
To sum up, the following final trend DIG (+15%) > NT (+31%) > TILL was observed (Fig. 5).

Soil type and its interactions with management and sampling time significantly influenced the
variability of the microbial quotient data (MBC:Cqy) (three-way ANOVA, Table 4). On the other
side, the two-way ANOVA highlighted that only the sampling time had a significant effect on the
variability of MBC:Cqq data (Table 4). In brief, marked time-dependent fluctuations were found in
both soils, even though different responses among treatments could be noticed at later stages (Fig.
5). In particular, in the olive grove soil the MBC:Cqy ratio followed the trend TILL > DIG > NT;
whereas in the citrus grove soil it followed almost the same trend observed for MBC, but with a

final increase in the DIG treatment (Fig. 5).
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Functional variables such as Ryas, CO, and gM were significantly affected by the soil type and
its interactions with sampling time and soil management (three-way ANOVA; Table 4). The two-
way ANOVA showed a significant effect of time, soil management and their interaction on all
biochemical variables, with the exception of qCO, for which the T x M interaction was not
significant (P > 0.05; Table 4).

Beside time-dependent fluctuations, no marked variations of Ryss, gCO, and gM were found in
no-tilled plots at both sites throughout the experimental period (Fig. 6). However, in the olive
orchard final Rpss and gM values when were lower than the initial ones. Conversely, soil tillage
either not (TILL) or combined (DIG) with digestate incorporation stimulated significant changes of
Rpas and gCO,, which were different in magnitude as well as in duration depending on the soil type.
In details, TILL induced an immediate (T1) but momentary increase of Rpas, which then sharply
(olive orchard) or slightly (citrus orchard) declined over time to a final value similar to the initial
one (Fig. 6). As for the DIG treatment, Rpss strongly and immediately (T1) increased in the olive
grove soil (1520 pg CO,-C g™t 28 d, +288% respect to pre-treatment) followed by a steadily
declining trend to a final value (588 pug CO»-C g* 28 d™) higher than the initial one (+50% respect
to pre-treatment); whereas in the citrus grove soil the highest Ry,s value was reached at T2 (four
weeks after the treatment) (981 pg CO,-C g™ 28 d™*, +140% respect to pre-treatment) and then it
steadily decreased to final a value not statistically different among treatments (Fig. 6). Reduced and
short-lived changes of qCO, were observed in the olive orchard soil, where significant increases
were observed two days (T1, DIG) and four weeks (T2, TILL and DIG) after the treatment event
(Fig. 6). On the other hand, in the citrus grove soil TILL and DIG treatments brought about a more
pronounced increase of qCO, (following the trend DIG > TILL) with a lasting effect still
appreciable four months (T3) after the beginning of the trial (Fig. 6). No difference of gCO, among
treatments was observed in both soils at the final sampling. Likewise, Rpas, Soil tillage stimulated
the gM with a different trend between the two tested soils: an immediate and transient increase

noticeable at T1 followed by a steady decline in the olive grove soil; a more pronounced and

13



328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

longer-lasting increase (noticeable at T1 and T2) in the citrus grove soil (Fig. 6). The addition of
solid anaerobic digestate produced an immediate and long-lasting increase of the gM still noticeable
four months after the beginning of the trial (T4). In both TILL and DIG treatments final gM values

were the same as the initial ones (Fig. 6).

3.5 Labile N pools

The three-way ANOVA evidenced that labile soil N pools, namely exchangeable NH;-N, NO3'-
N, EON, TSN, MBN and PMN, were significantly affected by all the experimental factors: soil
type, sampling time and soil management, as well as by their interactions (Table 5). The two-way
ANOVA confirmed that time, soil management and their interaction significantly influenced the
variability of the above-mentioned N-pools, with the only exception of the Time x Management
interaction on MBN data (Table 5).

Beside noticeable time-dependent fluctuations, the amendment with solid anaerobic digestate
raised considerably the exchangeable NH;"-N and NO3-N content with a major impact observed in
the olive than in citrus orchard soil (Fig. 7). In particular, in the olive grove soil the largest NH;*-N
(25.2 pg N g™*) and NO3-N (25.6 pg N g™) content were recorded one month after the start of trial
(at T2); then these values steadily declined to final values (8.8 pg NH,*-N g™ and 4.5 pg NOs-N ¢
1), which were higher than the initial ones (Fig. 7). Conversely, in the citrus grove soil the largest
NH,*-N concentration (8.98 pg N g*) was found four months after the treatment event (at T3),
whereas the highest soil NOs-N concentration (30.1 ug N g*) occurred one month from the
beginning of the trial (T2); same as before final levels (6.0 ug NH,*-N g* and 10.8 ug NOs™-N g)
were substantially larger than the initial ones (Fig. 7). Beside time-dependent fluctuations,
exchangeable NH;"-N and NO3-N did not significantly vary in conventionally tilled and no-tilled
plots and they remained practically unaffected by the treatment (except at T2 in the citrus grove

soil) in both soils over the 1-year observation period.
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Even though with differences due the soil type, EON readily and temporarily raised following
the amendment with solid digestate. In the olive orchard an amount as high as 79.4 pg N g™* was
found only at T1 (corresponding to an average +105% compared to both NT and TILL), and then it
decreased over time until reaching a final value similar to that observed in NT and TILL (~21 pg N
g1 (Fig. 7). In the citrus grove soil the EON increase was less marked and noticeable within the
first month (at T1 and T2), and then no statistically significant differences among soil treatments
were found at the following sampling times (Fig. 7). As for the inorganic-N pool, EON showed
only time-dependent fluctuations in conventionally tilled and no-tilled plots at both sites throughout
the experimental period. No difference of EON among treatments was observed in both soils at the
final sampling (Fig. 7).

The amendment with solid digestate resulted in a marked, immediate and long-lasting increase
of TSN in both soils, with a general trend in line with what already observed for NH;*-N and NOs -
N (Fig. 7). Briefly, in the clay soil (olive site) after a sudden and marked increase at T1 (up to 115.1
Hg N g equal to +145% respect to the other treatments), TSN steadily declined (to 85.5 and 65.5
ug N g™ at T2 and T3, respectively), until reaching a final value similar to the initial one and not
significantly different with the other treatments (NT and TILL). Likewise, in the sandy loam soil
(citrus site), digestate-induced TSN increases were less pronounced but longer-lasting, being still
visible at the end of the experiment (34.4 pug N g, +29% on average) (Fig. 7). In conventionally
tilled and no-tilled plots TSN remained substantially unaffected at both sites and, despite concurrent
time-dependent variations, final TSN values were not as different from the initial ones (Fig. 7).

In general, MBN dynamics were consistent with those already observed for MBC, showing
selective responses in relation to the soil type. In brief, amendment with solid anaerobic digestate
stimulated a marked, immediate and long-lasting increase of MBN in the olive grove soil; whereas
in the citrus grove soil MBN responses were only noticed at the final stage (Fig. 8). Thus, final
MBN values in DIG were higher than at the beginning of the trial at both experimental sites. As for

the olive grove soil, time-dependent variations were observed in TILL and NT treatments with final
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MBN values same as at the beginning of the trial (Fig. 8). On the contrary, in the citrus grove soil
MBN values in no-tilled plots showed a slight but constant increase more evident at the end of the
trial, thus confirming the already seen trend for MBC at the final stage DIG (+38%) > NT (+90%) >
TILL (Fig. 8).

As well as for TSN, a similar trend in DIG was observed in the PMN which showed higher
increases in the clay soil (olive site) and longer-lasting in the sandy loam soil (citrus site). Once

again, NT and TILL showed a similarity between initial and final values (Fig. 8).

4. Discussion

It is known that any variation of soil physical and chemical conditions exerts a considerable
influence on soil microbial biomass growth, activity and community composition, on nutrient
dynamics, and hence on the soil fertility status. This is particularly true for any tillage or soil
management event on herbaceous (Jackson et al., 2003; Conant et al., 2007; Zuber and Villamil,
2016) or woody crops (Sofo et al., 2014; Montanaro et al., 2017; Morugan-Coronado et al., 2020)
as well as soil incorporation of anaerobic digestate (Alburquerque et al., 2012a, 2012b; Abubaker et
al., 2015; Simon et al., 2015), which impact on soil physical, chemical and biological properties. In
soils, physical, chemical and biological changes are interrelated. In a parallel paper in preparation
the authors are to show compositional changes in the phylogenetic structure of both total and active
soil bacterial communities as induced by the same management treatments in the two orchard soils.
Therefore, reporting on changes in soil aggregate stability, as well as in C and N pools and their

dynamics was the main aim of the present work.

4.1 Physical and chemical responses
Physical properties were clearly affected in digestate-amended soils as evidenced by the ISS
increase found at both sites. This finding is in line with what reported by Beni et al. (2012) and

Fragseth et al. (2014) and could be attributed either to the direct binding action of organic polymers
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from decaying substrates of the digestate (\Voelkner et al., 2015) or indirectly to the sticky network
of the digestate-stimulated growth of fungal hyphae that controls soil aggregate formation and
stability (Andrade et al., 1998; Alburquerque et al., 2012a). Abundance of soil mineral colloids
(which protect native soil organic matter from decomposition) together with acidic conditions
(conducive to fungal growth) can explain the marked and long-lasting ISS response observed in the
olive orchard soil. This finding confirms the key role of soil texture, especially high clay content, in
enhancing any positive physical action due to the addition of solid digestate. In line with literature
review (Holland, 2004; Plaza-Bonilla et al., 2013), evidence of beneficial effects of no-tillage on
maintaining soil structural properties, whatever the soil type, were here further confirmed. On the
other side, declining ISS values observed in conventionally tilled plots - especially in the citrus
orchard soil where a lower clay content occurring together with drier and warmer climatic
conditions - warn farmers about soil degradation risks due to repeated mechanical events. Taken
together these findings make the recommendation to adopt proper management practices to
maintain (through no-tillage) or improve (through organic amendment) soil aggregate stability,
especially in highly vulnerable Mediterranean cropland areas.

We observed that incorporation of a salt-rich substrate such as solid anaerobic digestate
increased soil EC in both tested soils. Not unexpectedly, this finding is in agreement with what
reported by several authors (Garcia-Sanchez et al., 2015a, 2015b; GOomez-Branddn et al., 2016;
Posmanik et al., 2017). This means that the risk of increasing soil salinity due to repeated
applications of large amounts of digestate cannot be ignored, especially when soil EC values are
next to exceed the threshold level of 2 dS m™, which negatively interfere with plant growth and
reduce crop yield (Gomez-Brandon et al., 2016, Kataki et al., 2017). However, this was not the case
since measured EC values were always well below that critical level. Yet, it cannot be ignored that
final EC values equal to +94.0 and +72.8 pS cm™ were found in digestate-treated soils at both sites
(olive and citrus orchard, respectively) in spite of their different leaching potential. Therefore, we

can speculate that the critical EC threshold of secondary salinization would be reached after 15
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years in the clay soil and 20 years in the sandy loam soil, provided leaching potential remains
constant and the same amount of solid digestate is annually applied. On the other side, addition of
digestate left the soil pH practically unaffected, thus confirming that the high clay content and the
calcium carbonate system occurring in the olive and the citrus orchard soil, respectively, as a result
of the underlying soil formation processes, provide a strong buffering capacity and any significant
variation of soil acidity can only arise from very large additions repeated over the very long term
(Odlare et al., 2008; Makadi et al., 2012).

Even though the majority of authors reported an increased Coy content in digestate-treated soils
(Rigby and Smith, 2013; Garcia-Sanchez et al., 2015a; Muscolo et al., 2017; Cardelli et al., 2018),
contrasting results were also observed (Alburquerque et al., 2012a; Gomez-Brandon et al., 2016). In
fact, the newly added organic matter could have stimulated the microbial activity thus resulting in
an increased breakdown of some of the more protected soil organic matter (priming effect), an extra
release of soluble C and N forms and eventually depletion of soil nutrient resources (Eickenscheidt
et al., 2014; Insam et al., 2015). Since no significant reduction of C,y Was observed one year after
the addition of solid digestate at both sites, we suppose that no priming effect was acting in our
soils, or, if any, it remained negligible. On the contrary, larger and longer-lasting organic-C
increases were observed in the clayey than in the sandy loam soil, suggesting that fine-textured
particles could have promoted the physical protection of the added organic materials, in line with
Litzow et al. (2006) and Six and Paustian (2014). Once again, the link between digestate
characteristics and soil properties is decisive to whether incorporation of solid digestate can
contribute to soil C sequestration or represent a risk for groundwater resources. Likewise, it was
observed that the effect of digestate amendment on total soil N was similar to that on Cgg, in
accordance with Hupfauf et al. (2016).

Finally, it is known that avoiding mechanical disturbance leads to low aeration, increased

aggregate stability and consequently to a reduced mineralization of the native organic pool
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(Holland, 2004). This was clearly evident in the clay olive orchard soil where no-tillage provided

beneficial effects on the total organic pool and structural stability.

4.2 Labile C and N pools

MBC, MBN and Ry, increases were not unexpected since there is a widely held view that
addition of a partially degraded, nutrient-rich end-product such as solid anaerobic digestate has the
potential to promote soil microbial growth (Alburquerque et al., 2012a; Barra Caracciolo et al.,
2015; Muscolo et al., 2017; Cardelli et al., 2018) and activity (Odlare et al., 2008; Moller, 2015;
Hupfauf et al., 2016; Cucina et al., 2018). However, it must be noted that MBC and MBN dynamics
were selectively affected by site-specific environmental factors such as climate conditions — namely
air temperature and rainfall regimes - and soil type. In fact, soil microbial biomass was reduced
during the dry, hot summer period at both sites, thus confirming the key role of soil temperature and
moisture in driving seasonal changes in soil (Feng and Simpson, 2009). Moreover, contrasting
microbial responses to digestate amendment can be also due to the close interplay between soil
microorganisms and their abiotic environment - which is somewhat diverse between the two sites.
The marked, immediate and long-lasting MBC (and MBN) rise found in the clayey soil following
digestate amendment can be ascribed to either the addition of easily degradable organic compounds
or to the increased availability of ecological niches due to tillage-induced breakdown of soil
aggregates, as also postulated by Alvaro-Fuentes et al. (2008), Morell et al. (2010) and Zheng et al.
(2018). Moreover, since higher but decreasing levels of metabolic activity (followed as qCO, and
gM) were also recorded, it is plausible to hypothesize that the extra release of soluble C and N
forms in digestate-treated soils, as well as the major access to spatial patterns and native stabilized
organic matter in conventionally tilled plots, could have altered considerably the patterns of
functional microbial activity. In other words, changes in spatial conditions and easier access to
nutritional resources caused by tillage combined with the organic amendment could have resulted in

an increased microbial C-use efficiency in the clay-rich soil. On the contrary, the same treatment
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offered a contrasting functional picture in the sandy loam soil. That is, neither did the microbial
biomass increase nor the eco-physiological indicators declined. This finding suggests that the major
C pool entering the soil was less efficiently used in this soil type, thus leading to the conclusion that
the two orchard soils showed a clear difference in their microbial C-use efficiency. Yet, the
assumption of some authors (Manzoni et al., 2008; Martin et al., 2015) that microbial C-use
efficiency declines under prolonged shortage of available soil N does not find here any convincing
experimental support, since large soluble N pools (see for instance inorganic-N, TSN) were readily
available soon after digestate addition. Instead, a larger view which considers C pool dynamics also
in tilled and no-tilled plots suggests that in the sandy loam soil the tillage event rather than the
organic amendment per se was mainly responsible for a major stressing condition to native
microbial community. In fact, similar trends of MBC and MBC:C,q were retrieved in both tilled
treatments (either with or without organic amendment); however, the significant microbial biomass
increase found only after a reasonable period of time in the digestate-treated soil is probably linked
to the beneficial contribution of the organic amendment. To sum up, amendment with solid
anaerobic digestate determined long-lasting effects on soil C pools and functional properties as
hypothesized (H1). However, soil textural and chemical properties are key to determine whether
conventional tillage combined with digestate amendment would benefit C pools and microbial C-
use efficiency (as in acid clay soil); or, on the contrary, would stimulate C resources depletion (as in
the alkaline sandy loam soil) (also H2 was confirmed). Noteworthy, no-tillage prevented the over-
exploitation of soil C resources and this beneficial effect was more evident in the fine-textured soil
where a slight increase of the total C pool as well as a higher microbial C-use efficiency was
observed (H3 was not confirmed).

Even though solid digestate addition suddenly increased the inorganic-N pools — a finding in
line with what previously reported (Jones et al., 2007; Alburquerque et al., 2012a; Eickenscheidt et
al., 2014; Martin et al., 2015; Cucina et al., 2018) - marked differences were also noted depending

on the soil type. Firstly, trends of soil NH;"-N and NO3™-N, as well as their relative amount, varied
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considerably between the two soil types and a clear predominance of NO3-N over NH;"-N in the
citrus grove soil was found. Few salient facts are worth noting to explain this finding. A pH
exceeding 7.0 together with warmer and drier conditions could have promoted large ammonia
volatilization in the sandy loam (citrus) soil. Whereas it is likely that ammonium adsorption and
fixation were the prevailing processes in the acid olive orchard soil, which is also characterized by
reactive clay surfaces and thus high CEC (51.9 cmol. kg, Table 2). As long as ammonia
volatilization occurred, gaseous NH3-N could have affected negatively the soil microbiota in the
citrus grove soil, thus decreasing MBC and MBN levels. Needless to say, the nitrification process is
favored by the availability of exchangeable Ca?* and Mg?" ions, mesophilic conditions and good
soil aeration, as found in the citrus orchard soil. Whereas it is constrained in soil high in clay
content and low in pH (as in the olive orchard). To sum up, contrasting soil physico-chemical
properties and differing nitrification rates can help explain the different dynamics of NH; -N, NO3 -
N and TSN observed in the two digestate-treated soils. Yet, slight differences in NO3-N and TSN
patterns found between TILL and NT treatments in the citrus grove soil, but not in the olive
orchard, are likely due to tillage-induced faster mineralization rates, as also confirmed by raised Rpss
and qCO; observed in this soil type.

Incorporation of solid anaerobic digestate into the soil is able to release a significant amount of
easily mineralizable organic-N containing substrates (Tambone et al., 2010; Galvez et al., 2012),
that can undergo a more or less rapid mineralization depending on their C/N ratio. Since the
digestate here used had a C/N ratio as low as 24, the overall result is an increased release of mineral
N forms and an altered N pools dynamics, which appear different according to the soil type (thus
also confirming H1 and H2). Indeed, in the olive grove soil digestate amendment promoted either
the microbial activity (that is C-substrate mineralization) with consequent release of inorganic-N
forms or the microbial growth (that is N-immobilization), the latter being responsible for depleting
labile C and N pools and delaying the nitrification (in accordance with Alburquerque et al., 2012a

and Johansen et al., 2013). In addition, Ros et al. (2009, 2011) noted that clay surfaces can exert a
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protective action towards EON. This can explain the PMN pattern observed in the olive grove soil.
On the contrary, microbial immobilization can be discounted in the citrus grove soil, assuming that
mineralization of soluble N-containing organic substrates was the major process and promoted
faster N turnover rates. However, we hypothesize that N loss due to ammonia volatilization favored
by the alkaline condition might have prevented the soluble N balance from increasing significantly.
Finally, besides a slight tillage-induced release of EON noted in the clay soil, in most but not all
cases (except MBN) no difference was found in soluble and functional N pool between NT and

TILL treatments whatever the soil type (H3 could not be fully confirmed).

5. Conclusions

Maintenance and restoration of soil organic pools and related functional properties represent a
major challenge facing modern agriculture especially in conventionally-managed Mediterranean
cropland areas where climatic conditions exacerbate the loss of soil, nutrients and organic resources
(often below the critical threshold of 2% C,y), thus severely threatening the fertility of soils. Within
this context, agricultural reuse of biodegradable wastes such as by-products of agro-energy
activities is strongly recommended as a farming strategy to restore declining organic resources.
However, although amendment with solid anaerobic digestate is of great potential as a soil
conditioner, its use should be carefully evaluated in relation to soil and management conditions.
Findings of our study carried out in two orchard soils (olive and citrus grove) representative of
Mediterranean perennial crops showed that conventional tillage combined with incorporation of
solid anaerobic digestate into a fine-textured soil was capable of raising the organic pool with a
related beneficial effect on soil structure, microbial C-use efficiency and long-lasting release of
soluble C and N forms. On the other side, in the moderately coarse alkaline soil the same treatment
stimulated soil C-resources depletion, microbial respiration and N losses due to ammonia
volatilization and nitrate leaching. Additionally, no-tillage acted in a way that prevented soil C and

N resources from over-exploitation (as observed in conventionally tilled soils) with a greater
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beneficial effects on microbial C-use efficiency and microbial biomass in the moderately coarse
than in the fine-textured soil. To sum up, although our findings showed potential benefits of
application of solid anaerobic digestate and no-tillage practice for the restoring the fertility status of
orchard soils under Mediterranean climate, strong interactions between magnitude and persistence
of these benefits and soil properties were also observed, suggesting that site specific conditions

should be duly considered when applying improved management systems.
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Figure captions

Fig. 1. Overview of the two experimental sites: the olive orchard nearby Lamezia Terme (orange
frame) and the citrus orchard nearby Locri (purple frame). Onset tables show geographic

coordination reference, mean annual temperature and rainfall, major soil data and soil taxonomy.

Fig. 2. Changes in the soil aggregate stability index (ISS) (mean = SD, n=4) in the olive and citrus
orchard soils following the treatments (NT, DIG, TILL as in M&M) at five sampling times (6 days
before (Pre-Treat) and then 2 days (T1), 7 weeks (T2), 18 weeks (T3) and one year (T4) after the
treatment event) during the 2016/2017 cropping season. Within each sampling period, different

letters indicate significant differences among soil treatments (Tukey’s HSD test at P < 0.05).

Fig. 3. Changes in soil electrical conductivity (EC) and pH (mean + SD, n=4) in the olive and citrus
orchard soils following the treatments (NT, DIG, TILL as in M&M) at five sampling times (6 days
before (Pre-Treat) and then 2 days (T1), 7 weeks (T2), 18 weeks (T3) and one year (T4) after the
treatment event) during the 2016/2017 cropping season. Within each sampling period, different

letters indicate significant differences among soil treatments (Tukey’s HSD test at P < 0.05).

Fig. 4. Changes in total soil organic C (Corg) and N (TN) (mean = SD, n=4) in the olive and citrus
orchard soils following the treatments (NT, DIG, TILL as in M&M) at five sampling times (6 days
before (Pre-Treat) and then 2 days (T1), 7 weeks (T2), 18 weeks (T3) and one year (T4) after the
treatment event) during the 2016/2017 cropping season. Within each sampling period, different

letters indicate significant differences among soil treatments (Tukey’s HSD test at, P < 0.05).

Fig. 5. Changes in soil microbial biomass C (MBC) and MBC:Cy ratio (mean + SD, n=4) in the

olive and citrus orchard soils following the treatments (NT, DIG, TILL as in M&M) at five
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sampling times (6 days before (Pre-Treat) and then 2 days (T1), 7 weeks (T2), 18 weeks (T3) and
one year (T4) after the treatment event) during the 2016/2017 cropping season. Within each
sampling period, different letters indicate significant differences among soil treatments (Tukey’s

HSD test at P < 0.05).

Fig. 6. Changes in soil basal respiration (Rypss), metabolic quotient (qCO,) and mineralization
coefficient (QM) (mean £ SD, n=4) in the olive and citrus orchard soils following the treatments
(NT, DIG, TILL as in M&M) at five sampling times (6 days before (Pre-Treat) and then 2 days
(T1), 7 weeks (T2), 18 weeks (T3) and one year (T4) after the treatment event) during the
2016/2017 cropping season. Within each sampling period, different letters indicate significant

differences among soil treatments (Tukey’s HSD test at P < 0.05).

Fig. 7. Changes in soil ammonium-N (NH,;"-N), nitrate-N (and NO3-N), extractable organic N
(EON) and total soluble N (TSN) (mean + SD, n=4) in the olive and citrus orchard soils following
the treatments (NT, DIG, TILL as in M&M) at five sampling times (6 days before (Pre-Treat) and
then 2 days (T1), 7 weeks (T2), 18 weeks (T3) and one year (T4) after the treatment event) during
the 2016/2017 cropping season. Within each sampling period, different letters indicate significant

differences among soil treatments (Tukey’s HSD test at P < 0.05).

Fig. 8. Changes in soil microbial N (MBN) and potentially mineralizable N (PMN) (mean = SD,
n=4) in the olive and citrus orchard soils following the treatments (NT, DIG, TILL as in M&M) at
five sampling times (6 days before (Pre-Treat) and then 2 days (T1), 7 weeks (T2), 18 weeks (T3)
and one year (T4) after the treatment event) during the 2016/2017 cropping season. Within each
sampling period, different letters indicate significant differences among soil treatments (Tukey’s

HSD test at P < 0.05).
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Table 1 Chemical, biochemical and microbiological properties of the solid fraction of the biogas

digestate. Values are means = SD (n=3) expressed on a dry matter basis

Parameter Value
Chemical analyses

pH? 8.77+0.01

EC (dS m™ at 25°C)° 2.14+0.01

Dry matter (% fresh weight) 18.0+0.49

Ash (%) 14.4+0.16

Volatile solids (%) 85.6+0.16

Tot-C (g kg™ 389.60.8

Tot-N (g kg™ 16.02+0.70

C/N 24.3t1.5

NH4"-N (g kg™) 5.59+0.47

NH4"-N (% Tot-N) 34.9

NOs™-N (g kg?) 0.034+0.002

Tot-polyphenols (mg g*) © 1.62+0.05

P (g kg™ 1.24

K (g kg™ 2.25

S (g kgt 0.218

Ca (g kg™ 0.971

Mg (g kg™) 0.789

Cl (g kg™ 0.180

Fe (mg kg™ 55.0

Mn (mg kg™) 53.0

B (mg kg™ 9.0

Cd (mg kg™) <0.01

Cry; (mg kg™ 0.97

Pb (mg kg™ 0.07

Ni (mg kg™) 1.26

Hg (mg kg™) <0.1

Cu (mg kg™ 1.92

Zn (mg kg™) 25.2
Microbiological analyses

Salmonella spp. (MPN 25 g Absent

Escherichia coli (CFU g™) <10

% in a biomass:water (3:50, w/v) mixture
® in a biomass:water (1:10, w/v) mixture
® as gallic acid, determined by Folin Ciocalteu’s reagent method


http://ees.elsevier.com/agee/download.aspx?id=819974&guid=2701648e-423c-4a0e-a586-d8c2e0b864e2&scheme=1

Table 2 Main physical and chemical properties of tested soils from the two study sites. Values are

means = SD (n=3) expressed on a dry matter basis

Study site

Soil variable

Olive orchard

Citrus orchard

Coarse sand (%)

Fine sand (%)

Coarse silt (%)

Fine silt (%)

Clay (%)

Texture (according to USDA)
Bulk density (g cm™)
Structural stability index (%)
PHH,0

ECy, (dS m™)

Total CaCO; (g kg™)

Active CaCO; (g kg™)

CEC (cmol, kg™)

Corg (9 kg'™)

N: (9 kg™)

C/IN

NH," - N (mg kg™

NO; - N (mg kg™)

Olsen-P (mg kg™)

6.6+0.1
12.3+0.3
13.6+0.3
225%0.3
45.0+0.8
Clay
1.48 £0.02
73975
5.44 +0.11
0.170 + 0.013
0
0
519+24
21.30+3.24
2.03£0.29
10.51+0.35
3.2+£0.2
28+20
229+22

23.7x0.7
34.0+0.8
17.3+0.3
125+0.3
125+0.6
Sandy loam
1.22+0.14
66.9+1.1
7.46+0.12
0.210 + 0.087
225%3.0
6.9+0.1
36.1+1.72
13.74 £ 0.15
1.03+0.05
13.34 + 0.66
51+1.0
22+13
20421
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Table 3 Significant effects due to soil type, time, soil management and their interactions on the

variability of physical (ISS) and chemical (EC, pH, Coyg, TN) soil variables. Values are P-values

from three-way ANOVA (Soil x Time x Management) and two-way ANOVA (Time x

Management).
ISS EC pH Corg TN

Three-way ANOVA

Soil (S) <0.001 <0.001 <0.001 <0.001 <0.001
SxT 0.007 <0.001 <0.001 <0.001 0.026
SxM 0.112 0.009 0.003 <0.001 0.018
SxTxM 0.021 0.001 0.042 0.055 0.118
Two-way ANOVA

Time (T) 0.396 <0.001 0.826 0.472 0.239
Management (M) <0.001 <0.001 0.987 <0.001 0.001
TxM 0.027 <0.001 1.000 0.962 0.781
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Table 4 Significant effects due to soil type, time, soil management and their interactions on the

variability of C-related biochemical (MBC, MBC:Cyg, Ruas, QCO2, qM) soil variables. Values are P-

values from three-way ANOVA (Soil x Time x Management) and two-way ANOVA (Time x

Management).
MBC MBC.Corg Rbas qC02 qM

Three-way ANOVA

Soil (S) 0.156 <0.001 0.001 <0.001  <0.001
SxT 0.001 <0.001 <0.001 <0.001 <0.001
SxM 0.003 0.002 <0.001 0.001 0.001
SxTxM 0.073 0.001 <0.001  <0.001 0.001
Two-way ANOVA

Time (T) <0.001 0.001 <0.001 <0.001 <0.001
Management (M) <0.001 0.276 <0.001 <0.001 <0.001
TxM 0.001 0.846 <0.001 0.088 0.004
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Table 5 Significant effects due to soil type, time, soil management and their interactions on the
variability of N-related chemical (NH;"-N, NO3-N, EON, TSN) and biochemical (MBN, PMN) soil
variables. Values are P-values from three-way ANOVA (Soil x Time x Management) and two-way

ANOVA (Time x Management).

NH,-N  NO3z-N EON TSN MBN PMN

Three-way ANOVA

Soil (S) <0.001 0.031 <0.001 <0.001 <0.001 <0.001
SxT <0.001 <0.001 0.001 <0.001 <0.001 <0.001
SxM <0.001 0.084 0.004 0.001 <0.001 0.001
SxTxM <0.001 <0.001  0.068 0.005 0.006 0.001

Two-way ANOVA

Time (T) <0.001 <0.001 <0.001 <0.001 <0.001 0.006
Management (M) <0.001 <0.001 0.002 <0.001 0.001 0.001
TxM <0.001 <0.001 0.006 <0.001 0.581 0.007
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