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Abstract: Understanding the complex relationships among soil quality, crop productivity, and man-
agement practices would help to develop more sustainable agricultural production systems. In this
study, we investigated the combined effects of crop rotations and fertilization treatments on soil
quality and crop yield in a long term (about 50 years) field experiment. Crop rotations included
continuous corn (Zea mays L.), a 2 year corn-wheat (Triticum aestivum L.) rotation, and a 9 year
corn-wheat-corn-wheat-corn-wheat-alfalfa-alfalfa-alfalfa (Medicago sativa L.) rotation. Fertilization
treatments included control, mineral fertilization with urea and triple superphosphate, and amend-
ment with cattle manure. Crop rotations and fertilization treatments were combined in a factorial
experimental design with two replications for each rotation and six replications for each fertilization
treatment. The continuous corn and the corn-wheat rotations had negative effects on the main soil
quality indicators considered (carbon (C) and nitrogen (N) pools, microbial biomass and activity).
On the contrary, the 9 year rotation had positive effects on soil organic carbon (+24%) and total
nitrogen (+23%) but resulted in impoverished available P (—5%). Positive effects on soil microbial
biomass (+37% of microbial biomass C and +23% of microbial biomass N) and activity (+19%) were
also observed. Soil amendment with manure built up soil organic carbon (+13%), increased nutrient
content (+31% of extractable C and +19% of extractable N), including that of available P (+47%), and
stimulated microbial growth (+34%) and activity (+8%). As compared to manure, mineral fertilization
increased the soil nutrient content to a lesser extent. This study showed that the combined use of
rotations, including legume forage crops, and soil amendment with manure may help preserve soil
quality and crop productivity in the long term.

Keywords: manure; legume forage; monocropping; soil enzyme activities; soil fertility

1. Introduction

Crop rotation and manure application have been fundamental components of farming
for centuries. With the increased production of mineral fertilizers during the mid-20th
century, extensive crop rotations relying on organic soil amendments were supplanted
by intensive monocultures or short rotations. However, these intensively managed sys-
tems brought along soil quality degradation problems and increased production costs [1].
The 21st century has seen growing awareness that, besides providing food, agricultural
production systems should also preserve the quality of soils and their ability to provide
environmental services [2,3].

The impact of continuous monoculture systems varies depending on many factors
such as crop type, climate, and soil characteristics, and it is generally negative in terms
of soil functioning [2,4,5]. Crop rotations are therefore essential components for the de-
velopment of sustainable agricultural production systems [6,7]. In general, crop rotations
help to preserve soil quality, improving properties such as soil structure and organic matter
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(OM) content [2]. Crop rotations also provide better weed control, increase crop water and
nutrient use efficiency (NUE), and reduce diseases pressure, with positive effects on crop
yield [8].

Legume forage crops are commonly used in rotations as a source of nitrogen (N) for
a following non legume crop and for maintaining soil N levels. Atmospheric nitrogen
(Ny) fixation by legumes is in the range of 24-250 kg N ha~! per season, with alfalfa
(Medicago sativa L.) showing the highest fixation rate [9]. Furthermore, deep-rooted legume
crops, such as alfalfa, are able to reach deep residual soil N and increase N availability to
subsequent shallow-rooted crops [1]. The positive effects of rotations, including forage
legumes, go beyond an improvement of N availability. Inclusion of legume forage crops in
the rotation increases soil stability, soil porosity, and available soil water [10]. Furthermore,
the low carbon-to-nitrogen (C:N) ratio of organic residues derived from forage legumes
combined with greater temporal diversity in cropping sequences and with a reduced tillage
frequency may increase the retention of soil C and N [7]. Therefore, growing grain crops in
rotations that include forage legumes as alfalfa may be a more sustainable practice than
growing grain crops in either monoculture or short rotations [1].

Long term soil amendment with manure in some cases could lead to phosphorus (P)
accumulation and losses due to excessive application in respect to crops demand [11], to
heavy metals accumulation such as copper and zinc [12], and to potentially toxic organic
contaminants, e.g., antibiotics and hormones [13]. However, in many other cases, soil
amendments with manure have been associated with improved soil properties such as
increased soil organic carbon (SOC) content, total nitrogen content (TN), and enhanced pH.
Specifically, in long term (from 14 to 44 years) experimental fields located in Nothern Italy
has been observed an increased SOC content by 13-35%, increased TN content by 20-30%,
and enhanced pH by 4-9% [14-17]. Soil organic matter is thought to drive the productivity
and the sustainability of agricultural systems, as it provides an N reservoir and increases
soil water holding capacity (WHC) and soil levels of nutrients.

When changing land use from continuous monoculture to a complex crop rotation, a
key soil quality indicator, such as soil organic matter (SOM) content, may require more than
40 years to reach a new equilibrium [18]. Similarly, the effects of reduced tillage frequency
and organic soil amendment may take decades before being detectable [19,20]. Therefore,
long term field experiments are required to predict soil management impacts on soil quality
and provide leading indicators of sustainability [21].

An appropriate crop rotation can increase or maintain SOM and improve soil chem-
ical and physical properties. The rational application of manure and fertilizers can also
contribute to an increase in soil nutrients and/or soil C stock, with positive effects on soil
quality. Furthermore, both crop rotation and manure amendments have been shown to
improve grain yield as compared to continuous cropping systems treated with mineral
fertilizers [8,22-24]. However, the combined effect of different management practices is
more complex and less studied. According to Norris and Congreves (2018) [3], we hypoth-
esize that these practices could be properly combined into a management system with an
additive or synergistic effect on soil quality and crop productivity [3].

We therefore investigated the residual effects of long term crop rotations and fertil-
ization treatments on soil quality and crop production in a sub-humid temperate agroe-
cosystem of the Po valley (Italy) for sustainable agriculture. We hypothesized that, after a
long term period, crop rotation including legume forage and manure amendment would
positively impact soil quality by increasing SOM and stimulating soil microbial biomass
and activity, with positive effects also on crop yield.

2. Materials and Methods
2.1. Study Site and Experimental Design

The study site was a long term field experiment started in 1966 at the University of
Bologna Experimental Farm in the southeast of the Po valley (Italy, 44°33' N, 11° 24’ E;
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23 m a.s.l.), where the climate is humid subtropical (Cfa, Koppen classification), and the
mean annual precipitation and temperature for the area are 747 mm and 14.2 °C, respectively.

The soil was a fine silty, mixed, mesic Udic Ustochrept (USDA Soil Taxonomy, 1999)
and, in 1966, it had 7.7 g kg ~! of SOC, 1.1 g kg ! of total N, a C:N ratio of 7.0, 19 mg kg !
of available P, a pH in water of 6.9, and trace of carbonates [25].

The experimentation consisted in a long term comparison of three agricultural rota-
tions and three fertilization treatments (Figure 1), which were combined in a split-plot
design with two replications for each rotation (main plots) and six replications for each
fertilization treatment (sub-plots of 52 m?).

The three rotations tested were:

CC: continuous corn (Zea mays L.);

CB: 2 year cereal-based rotation of corn (Zea mays L.) and wheat (Triticum aestivum L.);
9YR: 9 year rotations consisting of corn-wheat-corn-wheat-corn-wheat-alfalfa-alfalfa-
alfalfa (Medicago sativa L.).

Since the setup of the experiment, five rotation cycles were completed and the sixth
was at its second year (Figure 1). Therefore, soil sampling occurred in the same day, after
the harvesting of corn.

Fertilization treatments included:

CK: unfertilized control;

NP: mineral N and phosphorous (P) fertilization;
e  M: cattle manure fertilization.

Year

Rotation

Acronym | 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 Q2013

cereal-based rotation
9-year rotation

continues corn

CB
9YR
CC

Legend: Corn Wheat

Figure 1. Representation of the rotation from the 2003 until the 2013 (time of soil sampling) season. Each rotation has

two field replicates. CC: continuous corn; CB: 2 year cereal-based rotation of corn; 9YR: 9 year rotations consisting of

corn-wheat-corn-wheat-corn-wheat-alfalfa-alfalfa-alfalfa.

In the NP fertilization treatment, N was supplied to grain crops as urea at the annual
rate of 120 kg N ha~! under corn cultivation and of 75 kg N ha~! under wheat cultivation.
Urea was supplied in two applications: 30% at the end of tillering and 70% at the beginning
of stem elongation in wheat; 50% at seeding and 50% at the fourth leaf stage in corn. The
alfalfa phase of the 9 year rotation received no N fertilizer. Phosphorous was supplied
at seeding as superphosphate every other year for grain crops and in the first year of
cultivation for alfalfa. The rate was 50 kg P,Os ha~! for grain crops and 75 kg P,Os ha™!
for alfalfa. In the M treatment, 4.5 Mg dry matter ha~! of cattle manure was supplied every
other year for grain crops and in the first year of cultivation for alfalfa. Expressed as a
percentage of its dry weight, cattle manure contained in average 33% of organic C, 2.6% of
total N, and 1.0% of total P, with a C:N ratio of 12 [26].

The soil was yearly mouldboard ploughed to 0.4 m depth, approximately, within the
end of September, with the exception of the years cultivated with alfalfa, which is ploughed
only once every three years before its seeding. Wheat straw and corn stalks were always
removed from the field soon after harvest. The crops were cultivated in agreement with
the typical practices in use in Northern Italy, and more details are reported elsewhere [17].
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2.2. Soil Sampling and Analysis

In September 2013, after harvesting and before soil management, nine surface soil
samples (0-20 cm) were collected from each plot (52 m?) with an auger and combined
to form one composite sample, thus obtaining a total of 18 samples. Freshly sampled
soil was sieved at 2 mm and thoroughly mixed. Soil water content was determined by
drying soil samples to constant weigth at 105 °C. Soil pH was measured using a glass
electrode in 1:5 (v:v) suspensions of air dried soil in 10 mM CaCl,. Soil organic C and
total N (TN) were determined on air dried, finely ground soil aliquots with an elemental
analyzer (CHNS-O Elemental Analyzer 1110, Thermo Scientific GmbH, Dreieich, Germany).
Ammonium (NH;*-N) and nitrate (NO3 ™ -N) nitrogen were determined by an automatic
analyzer (AACE 5.46, Bran Luebbe GmbH, Norderstedt, Germany) using the ISO 14256-2
method (2005) [27]. Soil available P (Ppsen) was determined following the method reported
by Olsen et al. (1954) [28].

Soil extractable carbon (Cext) and N (Neyt) as well as microbial biomass C (MBC)
and microbial N (MBN) were determined using the chloroform-fumigation extraction
method [29]. The soil microbial activity was determined as the hydrolysis rate of fluo-
resceine diacetate (FDA) using the method reported by Swisher and Carroll (1980) [30].
The activity of 8 soil extracellular hydrolytic enzymatic activities was determined using
4-methylumbelliferone (MUF) conjugates (Table S1) following the procedure reported by
Giacometti et al. (2014) [31]. Rates of fluorescence increase were converted into enzyme
activity (nmol MUF g’1 h—1) according to German et al. (2011) [32]. The specific soil
enzymatic activities were calculated by dividing the enzymatic activity with the MBC, and
they can be considered an index of soil quality [33-35]. Using the natural logarithm of the
soil enzymatic activities involved in C, N, and P cycles, the soil ecosystem ratios of C:N,
C:P, and N:P acquisition activity (enz C:N, enz C:P, enz N:P) were calculated according
to Sinsabaugh et al. (2008) [36]. Finally, crop yields were determined by harvesting the
central part of each plot. Corn yield in 2013 was expressed as grain on dry weight.

2.3. Data Handling and Statistics

Results of soil analysis were expressed on oven-dried basis. All statistical analyses
were carried out in the R environment [37]. For each soil parameter, a split-plot ANOVA
was used to evaluate the effects of the two factors, rotation and fertilization, as well as
their interaction. Means were separated by calculating Fisher’s least significant difference
(LSD) test. Marginal means of interaction between rotation and fertilization were not
reported, as the statistical analysis did not highlight significant differences. The principal
component analysis (PCA) was done using the “princomp” function in the R environment
using the correlation matrix (Table S2). The scores of the main principal component (PC)
were analysed with a split-plot ANOVA in order to determine the dominant discriminating
factor (rotation or fertilization) for each PC [38].

3. Results
3.1. Crop Rotations Effects on Soil Biochemical Indicators

Crop rotations impacted more on soil C than N pools (Figure 2). Specifically, with the
9YR rotation, the MBC and the SOC content increased by up to 37% and 24%, respectively
(Figure 2c,e), compared to the other rotations. A similar trend could be observed also for
total and microbial N pools (Figure 2d,f) that increased by up to 23% with the 9YR vs.
the other two crop rotations. Instead, crop rotations did not significantly affect the labile
fraction of soil C and N (Figure 2a,b); decreased Cext and Next contents (—46% and —106%,
respectively) were observed with CC rotation compared to the other rotations studied.

Different crop rotations did not show a statistically significant impact on the other
biochemical parameters measured (Table 1). However, some of these parameters (NO3~-N,
MBC:SOC, and yield) had p-values close to the level of significance (x = 0.05). Specifically,
in correspondence of the 9YR rotation soil, NO3 ~-N content and MBC:SOC ratio increased
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by up to 50% and 18%, respectively, and yields were reduced by 34% in correspondence of
the CB rotation.
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Figure 2. Marginal means of soil (a) extractable carbon, (b) extractable nitrogen, (c) microbial
biomass carbon (MBC), (d) microbial biomass nitrogen (MBN), (e) organic carbon, (f) total nitrogen
for crop rotation and fertilization effects. Error bars represent standard errors. Different upper-
case and lower-case letters indicate significant differences (p-value < 0.05), respectively, between
rotation and between fertilization as determined by the Fisher’s least significant difference (LSD) test.
Statistical significance of the differences according to the ANOVA (ns p < 0.05; * p < 0.05; ** p < 0.01;
***p < 0.001).

As for the biochemical parameters, the soil enzymatic activities (Table 2) and the
derived soil ecosystem ratios (Table 3) were not affected by the crop rotations factor.
Instead, the calculated specific soil enzyme activities (Figure 3) showed the higher values in
continuous corn and cereal based rotations, while the 9YR highlighted the lowest specific
activities. Significant differences between the rotations were determined only for specific o-
glucosidase, 3-xylosidase, phosphodiesterase, and phosphomonoesterase activities, while
in the other cases, the same trend was observed.
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Table 1. Marginal means of soil pH, carbon (C):nitrogen (N) ratio, ammonium (NH4*-N), nitrate (NO3~-N), available

phosphorous (Pgjeen), MBC: s0il organic carbon (SOC) ratio, fluoresceine diacetate hydrolysis (FDA), and corn yield for

rotation and fertilization effects. Different upper-case and lower-case letters indicate significant differences (p-value < 0.05),

respectively, between rotation and between fertilization as determined by the Fisher’s LSD test. NP: mineral N and

phosphorous (P) fertilization. CK: unfertilized control.

. pH C:N NH4*-N NO;—-N Polsen MBC:SOC FDA Yield

actors

mg kg1 mg kg1 mg kg1 % mgkg-1h-1 Mggm ha—1
Rotation (R)
CcC 6.40 7.37 551 6.46 23.6 0.828 441 4.89
CB 6.03 7.40 6.12 10.6 225 0.854 434 3.60
9YR 6.00 7.43 2.37 17.1 14.3 1.03 54.2 4.74
p-value 0.724 0.955 0.263 0.073 0.166 0.058 0.194 0.087
Fertilization (F)

CK 6.07b 7.22 5.23 9.69b 14.1°¢ 0.874 43.7P 2.87b
NP 5.94b 7.38 477 115 18.1P 0.820 48.13b 5722
M 6422 7.65 3.44 12.62 26.42 1.03 50.0 2 4642
p-value 0.025 0.058 0.086 0.047 0.002 0.064 0.041 0.004

R x F
p-value 0.216 0.180 0.436 0.177 0.063 0.475 0.225 0.093

3.2. Fertilization Treatments Effects on Soil Biochemical Indicators

Soil C and N pools were significantly affected by the fertilization treatments (Figure 2).
Specifically, lower values of the extractable pool (Figure 2a,b) were measured under un-
fertilized CK plots, while both the fertilizers applied enhanced Cext (29%) and Next (17%)
content. The other two C and N pools (microbial and total, Figure 2c—f) showed the same
response with higher values measured in soil amended with manure, while no significant
differences were observed between the untreated control and the NP fertilization treatment.
Specifically, manure addition led to increases of MBC and MBN content of 27% and 40%,
respectively, while it induced increases of SOC and TN contents that were only of 13% and
9%, respectively.

C:N ratio, NH4*-N, and MBC:SOC ratio did not show significant differences for the
fertilization treatments (Table 1); on the contrary, soil pH, NO3™-N, and Pgjee, concen-
trations as well as FDA were higher with manure addition. Finally, corn yield results
highlighted lower values in the control without differences between the other two fertiliza-
tion treatments.

Table 2. Marginal means of soil 3-cellobiosidase ([3-cell), 3-glucosidase (3-glu), a-glucosidase (x-glu), 3-xylosidase (p3-

xyl), N-acetyl-B3-glucosaminidase (NAG), arylsulfatase (AS), phosphodiesterase (PDE), and phosphomonoesterase (PME)

activities for rotation and fertilization effects. Different upper-case and lower-case letters indicate significant differences

(p-value < 0.05), respectively, between rotation and between fertilization as determined by the Fisher’s LSD test.

Hydrolytic Enzyme Activities (nmolyyr g~ 145 h™1)

Factors
B-Cell B-glu a-glu B-xyl NAG AS PDE PME
Rotation (R)
CcC 32.2 139 7.79 275 48.7 45.1 48.4 151
CB 27.3 121 7.76 25.4 40.2 41.3 46.2 162
9YR 34.8 152 7.83 255 42.3 48.5 49.1 165
p-value 0.281 0.147 0.990 0.650 0.100 0.237 0.761 0.793
Fertilization
(F)
CK 24.6 116" 7.31 23.9b 414 41.4P° 45.7 155
NP 31.4P 1392 7.86 259°b 428 42.8P 48.4 168
M 39472 1602 8.29 28.62 50.6 50.6 2 49.5 153
p-value <0.001 0.011 0.468 0.008 0.065 0.032 0.275 0.284
R x F
p-value 0.042 0.139 0.625 0.316 0.266 0.442 0.306 0.225
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Figure 3. Marginal means of specific (a) 3-cellobiosidase, (b) 3-glucosidase, (c) x-glucosidase, (d) 3-xylosidase, (e) N-acetyl-
-glucosaminidase, (f) arylsulfatase, (g) phosphodiesterase, (h) phosphomonoesterase soil enzymatic activities for rotation
and fertilization effects. Error bars represent standard errors. Different upper-case and lower-case letters indicate significant
differences (p-value < 0.05), respectively, between rotation and between fertilization as determined by the Fisher’s LSD test.
Statistical significance of the differences according to the ANOVA (ns p < 0.05; * p < 0.05; ** p < 0.01; ** p < 0.001).

The activity of the investigated hydrolases (Table 2) showed significant differences
only for the fertilization treatments. Specifically, the activities of (3-cellobiosidase, (3-
glucosidase, 3-xylosidase, and arylsulfatase peaked under the manure addition. Similarly,
the ecosystem ratios, which are based on the enzymatic activity values, showed significant
differences only in relation to the treatments with higher C:P and N:P, corresponding to
those plots that received manure (Table 3).

Finally, fertilization treatment significantly affected the soil specific enzymatic ac-
tivities, with manure addition that induced the lower specific phosphodiesterase and
phosphomonoesterase activities (Figure 3). The other specific soil enzymatic activities
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showed the same trend with the exception of the specific 3-cellobiosidase activity, in which
a lower value was observed in the untreated control.

Table 3. Marginal means of soil ecosystem ratios for rotation and fertilization effects. Different upper-
case and lower-case letters indicate significant differences (p-value < 0.05), respectively, between
rotation and between fertilization as determined by the Fisher’s LSD test.

Ecosystem Ratios

Factors
enz C:N enz C:P enz N:P
Rotation (R)
CC 1.37 1.01 0.733
CB 1.42 0.969 0.684
9YR 1.44 1.00 0.696
p-value 0.297 0.401 0.240
Fertilization (F)
CK 1.41 0.969 b 0.686 P
NP 1.41 0.986 P 0.700 b
M 1.40 1.032 0.738 @
p-value 0.967 0.001 0.013
R x F
p-value 0.487 0.025 0.075

3.3. Principal Component Analysis

The principal component analysis was carried out on Cext, Next, SOC, TN, MBC, MBN,
and Pojsen, and all the specific enzymatic activities were measured.

The PCA showed that the first two principal components accounted for 68% and
12% of the total variance, respectively (Table 4). However, evaluating through an ANOVA
the discriminating factors dominance on the PC of the considered factors (rotation and
fertilization), it emerged that rotation significantly impacted PC1 and PC3 (p-value < 0.001
and 0.022, respectively), while fertilization resulted in lower p-values (0.003 and 0.018,
respectively) in correspondence to PC2 and PC4 (Table 4).

Table 4. Analysis of variance of results from the principal component analysis (PCA) (Figure 4) with respect to crop rotation
and fertilization. Significant comparisons are in bold.

ANOVA Parameter PC1 PC2 PC3 PC4
Proportion of variance (%) 68 12 8 6
ANOVA factor F p-value F p-value F p-value F p-value
Rotation (R) 24.5 <0.001 4.19 0.057 6.44 0.022 497 0.040
Fertilization (F) 13.8 0.029 13.2 0.003 3.95 0.064 6.86 0.018
R xF 1.12 0.410 1.17 0.392 0.72 0.602 2.70 0.109
Sionificant . 9YR > CB=CC CC=CB=9YR CC>9YR>CB 9YR > CC >CB
ignihicant comparnson M > CK > NP M > NP > CK NP =M = CK NP > CK > M

Therefore, the PCA plot (Figure 4) was done according to the ANOVA results. The
left panel of Figure 4 highlights the separation of the 9YR rotation from the CC and the
CB rotations; the CC and CB rotations resulted to be mainly characterized by the specific
hydrolytic enzyme activities, while the 9YR rotation appeared to be mainly defined by
soil microbial biomass (MBC and MBN), SOC, and TN parameters. In the right panel of
Figure 4, PC2 and PC4 are reported, as PC was mainly dominated by fertilization factor;
in this case, manure addition was separate from the untreated control and the mineral
fertilization, with manure principally characterized by soil Pojsen, Cext, and MBN content.



Agronomy 2021, 11, 636

90f13

PC3 (8%)

9
=2
3 o
o
L §
Rotation Fertilization \ Fertilization Rotation i
! ©{| o ck o cc %
o s & ) ' o M o cB %
B SYR A NP @ NP A 9YR
o
g @
T T T T T T
-5 0 5 -4 2 0 2 4 6
PC1 (68%) PC2 (12%)

Figure 4. Principal component analysis plot including the soil C and N pools, the bioavailable phosphorous (P), and the
specific soil enzymatic activities: extractable C and N (Cext, Next), microbial biomass C and N (MBC, MBN), total N (TN),
soil organic C (SOC), available P (Pgjgen), B-glucosidase (sp.-Glu), x-glucosidase (sp.x-Glu), B-xylosidase (sp.3-Xyl),
(3-cellobiosidase (sp.(3-Cel), N-acetyl-B-glucosaminidase (sp.NAG), phosphomonoesterase (sp.PME), and phosphodiesterase
(sp.PDE) activities. Left panel: principal components 1 and 3, where rotation is dominant discriminating factor; right
panel: principal components 2 and 4, where fertilization is dominant discriminating factor. See Table 4 for PCA and

ANOVA results.

4. Discussion

Most of the available information on the effects of agricultural practices on soil quality
originates from experiments in which single factors were manipulated. However, the soil
quality is an integration of soil processes and provides a measure of change in soil condition
as related to factors such as land use, climate patterns, and agricultural practices [39]. For
this reason, we chose a long term field experiment in which both crop rotations and
fertilizations were manipulated. Indeed, only with a long term field experiment is it
possible to divide the effect of climate patterns from that of agricultural practices on soil
quality. Moreover, between the agricultural practices, crop rotations and fertilizations
are the main important factors affecting the key function of soil—the capacity to store
organic C [40].

4.1. The Crop Rotations Factor

Soil organic C and TN were maximum in the 9YR, confirming that forage legumes
inclusion in the long term rotations had a positive impact on soil C storage [7] and soil
N content [41]. This positive effect may be attributed to the reduction of tillage during
this crop phase and to the increased inputs of organic residues with low C:N ratio. In fact,
according to Drinkwater et al. (1998) and Campbell et al. (2000) [18,42], the presence of
legumes in the crop rotation may increase the conversion efficiency of crop residue C to
SOC. On the other hand, in these treatments, Ppjsen, Was lower. Over time, rotations that
include forage legumes may become P-limited due to the high removal of P in the form of
multiple hay cuttings and to the fact that alfalfa has high P requirements [1,43].

In accordance with SOC and TN data, under continuous corn and cereal based rotation,
lower values of microbial biomass, microbial activity, and MBC:SOC ratio were observed;
similar results were obtained in other studies where corn and/or wheat were cultivated
in mono- and multi-cropping rotations that, in some cases, included also a leguminous
crop [24,38,44]. In these studies, the inclusion of a leguminous crop and the intercropping
in general favoured the microbial biomass more than the monocropping system. Moreover,
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under the CC and the CB rotations were measured the higher specific soil enzymatic
activities, indicating that the reduced microbial community was mainly focused on the
enzymes production. This could be interpreted as CC and CB rotations not favouring
sufficient conditions for the microbial community development; in fact, the specific soil
enzymatic activities are considered as a stress index for soil microbial biomass [35].

On the other hand, under the 9YR rotation, the microbial proliferation was stimulated
by the increased availability of substrates and, as a result, MBC and MBN were higher than
other rotations with no significant increase of the specific soil enzymatic activities.

These results were confirmed by the PCA that highlighted that crop rotation mainly
impacted soil microbial biomass and activity more than soil C, N, and P availability
(Figure 4). Indeed, the three crop rotations considered were characterized by the microbial
biomass and by the specific enzymatic activities. In particular, the increased soil microbial
biomass content and the reduced soil specific enzymatic activities determined in the 9YR
could have led to the increased SOC and TN content, confirming that the inclusion of
a leguminous crop could bring significant advantages in terms of soil quality and soil
organic C storage.

4.2. The Fertilization Factor

Regarding the effects of fertilization, SOC, TN, nitrates, and Ppjgen, were maximum
under manure, confirming that long term organic amendment increased SOM content
and provided a nutrient reservoir [7,45]. On the contrary, NP fertilization did not increase
SOC and, as compared to manure, improved soil nutrients content to a lesser extent.
The use of inorganic fertilizers can increase plant biomass production, which in turn can
increase the amount of residues returned to the soil [46], but it has been shown that long
term application of N fertilizers may stimulate C mineralization, resulting in depletion of
organic C [15,47], in particular in the climate pattern of this site.

The increase in Ppje, Observed under manure may be attributed to the manure N:P
ratio (4:1) that was lower than the N:P ratio estimated for cereals uptake (8:1), and this
could have contributed to P accumulation in soil [48]. Furthermore, as compared to the
NP fertilization treatment, the amount of P supplied with manure before sowing alfalfa
was higher. As observed by Wortman et al. (2011) [7], long term amendment with manure
increased soil pH, bringing it close to values at which P availability was maximum. This
higher P availability with manure addition led to a higher microbial biomass demand
in C and N in order to maintain the soil microbial biomass C:N:P stoichiometry [36].
This microbial biomass need in C and N could be observed by the ecosystem ratios.
Indeed, as reported by Sinsabaugh et al. (2008) [36], the ecosystem ratios are a measure
of the enzymatic resources for the acquisition of an element compared to others (e.g., the
acquisition of organic P and N relative to C). In the case of this study, the C:P and the N:P
ecosystem ratios were higher under manure addition, meaning that microbial biomass
activity to recover C and N was higher compared to the activity to recover P (which was
available in greater extent compared to C and N). The ecosystem ratios were confirmed
in the enzymatic activities; indeed, while the activities of the enzymes involved in C and
N cycles were higher under manure addition, the PME and the PDE activities showed
comparable results within the three treatments considered.

Among the fertilization treatments, MBC and MBN values were maximum under ma-
nure treatment, in which the positive effect on soil microbial biomass is a well-documented
phenomenon [49-51] and is mainly due to the fact that manure sustains microbial pro-
liferation by available organic C and slow release of nutrients [52]. The use of inorganic
fertilizers can increase plant biomass production, which in turn can increase the amount of
residue returned to the soil with positive effects on soil biological activity [46]. However,
in our study, we observed that NP fertilization did not increase SOC and resulted in a
slight acidification of soil, both negative conditions for the proliferation of soil microor-
ganisms [53]. The MBC:SOC ratio followed the same trend observed for MBC and MBN,
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suggesting that not only the quantity of substrate but also its availability played a role in
determining soil microbe response to the different treatments.

The lower specific activity of the soil enzymes involved in C and P processes was
measured in the manure fertilization. On the other hand, the NP fertilization, compared
to manure, induced a disequilibrium in the microbial stoichiometry balance, disadvan-
taging the microbial biomass (lower MBC and MBN compared to manure) and therefore
leading to a higher production of those soil enzymes involved in C and P recovery for
microorganisms [54,55].

Finally, the adequate P availability under manure may also enhance biological N,
fixation with positive effects also on the non-legume crops [56]; this finding was confirmed
in the PCA, where soil P availability content and MBN strongly characterized the manure
fertilization treatment.

5. Conclusions

The results indicated that the long term use of a complex rotation including alfalfa
improved soil C and N pools and soil microbial biomass and activity with positive effects
on soil quality and functionality. On the contrary, continuous corn and corn-wheat rotations
had negative effects on the considered soil quality indicators, but no differences in corn
yield were observed between the crop rotations. Soil amendment with manure built up
soil organic C stocks and acted as a nutrient reservoir, increasing soil TN and mineral N
and effectively avoiding P depletion, with positive effects on corn yield.

The use of the specific enzymatic activities and the ecosystem ratios has proven to be
useful to better understand and describe the effects that different agronomic management
practices can have on the various pools of C, N, and P in the soil.

Long rotations including legume forage crops and soil amendments with manure
could be considered a sustainable agricultural practice in the area of study in terms of both
soil quality maintenance and crop productivity. Nevertheless, in this study, no significant
differences emerged when observing the interaction between crop rotation and fertilization
treatment. This bring to the supposition that crop rotation and fertilization practices have
a direct impact on different soil indicators (such as the microbial biomass content, C, N,
and P availability, and enzymatic activities), thus leading to overall effects that are given
more by the sum than by the interaction of these two agronomic practices. Indeed, the
PCA highlighted this concept, as the rotations including legume forage crops and the soil
amendments with manure were characterized by different soil indicators—in the first case,
the microbial biomass, and in the second case, C and P availability. Ultimately, both the
agronomic strategies brought about higher soil organic C content and higher soil quality
and functionality, which probably were reached in different ways.
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