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Abstract: The restoration of unproductive abandoned agricultural soils under a semi-arid climate
in southeastern Spain was evaluated. Four organic amendments from different composted wastes
(greenhouse crop residues; worm compost from sheep—cow manure and plant remains; chicken
manure; and sheep—chicken manure and plant remain) were applied, untreated control plots were
installed, and natural unexploited soils were selected as a reference ecosystem. Through three
sampling campaigns (initial, 3 months, and 12 months), significant changes were observed in soil
physico-chemical properties, nutrient content (carbon -C-, nitrogen -N-, and phosphorus -P-), and
bacterial composition of the restored soils with respect to control and natural soil, especially at
3 months. The increase of labile nutrients caused the proliferation of copiotrophic phyla at 3 months,
which, after their consumption, were replaced by oligotrophic phyla at 12 months. Specific taxa
involved in C, N, and P cycles were identified for each soil. For the soil bacterial composition of
vermicompost, only chicken and sheep—chicken manures were more dissimilar to control and natural
soils after 12 months, while greenhouse crop compost showed an intermediate position between
them. Results indicated that composted greenhouse crop remains could be an optimal treatment for
the short-term recovery of physico-chemical properties, nutrient content, and bacterial composition
of agriculture-degraded soils in semi-arid areas.

Keywords: ecological restoration; carbon; nitrogen; phosphorus; metagenomic analysis; bacterial
community composition

1. Introduction

The exploitation of fertile soils for agricultural activities generates degraded soils
susceptible to abandonment due to lack of productivity. These soils tend to lose their
capacity to regulate the ecosystem, which, together with functional deterioration, leads
to serious biodiversity declines [1]. In arid and semi-arid areas, the particular climatic
factors, such as low rainfall and weather irregularity [2] as well as the low organic matter
content of soils [3,4], aggravate this problem, making natural restoration processes more
difficult [5]. In agroecosystems, a crucial determinant of soil quality is the organic matter
content, given that it is intimately linked to biological activity, nutrient cycling, and crop
productivity [6]. For these reasons, to successfully recover these soils, restoration techniques
must be employed that are oriented not only to repairing the physical and chemical soil
properties, but also to re-establishing the biological communities [2], as there is increasing
evidence of the fundamental role played by the microbial composition in soil fertility [7].
Therefore, the application of composted organic wastes could be a good strategy to avoid
the abandonment of non-productive land under a semi-arid climate, because their high
organic matter content [8] favors soil fertility [9] and could accelerate the recovery of these
degraded soils, in addition to contributing to the European Circular Economy Strategy
through the reuse of organic waste produced by local industrial activities in the restoration
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of semi-arid degraded soils. The addition of organic amendments benefits the physical,
chemical, and biological soil properties [10-13], favoring the supply of nutrients and
improving soil functionality [11,12,14,15]. The organic compounds that make up these
composted residues depend on their organic provenance and are directly related to their
nutrient content (C, N, and P) [16], causing stoichiometric variations in the C:N:P ratio [17]
of the amended soils.

Previous studies have suggested significant differences in the structure of soil bacterial
communities after soil restoration, which together with soil characteristics determine the
bacterial structure of the soil [10,13,18]. Thus, soil bacterial composition is explained not
only by edaphic variables [11,19] but also by the nutrients provided from the different
origins of the organic amendments used [20,21]. As a consequence, the behavior of the soil
microbiome responds to the availability of nutrients [20], and these changes will alter the
C, N, and P cycles affecting the biological and physico-chemical reactions carried out by
soil micro-organisms [22]. Consequently, the type of organic matter [21] together with the
capacity and efficiency of the micro-organisms in the decomposition of the organic matter
provided [16] could have a differential effect on the structure of the soil bacterial community,
influencing the proliferation of some taxa versus others better adapted to the applied
amendment [18]. Therefore, bacterial succession induced by substrate availability could
have possible beneficial effects on the functionality and stability of the agroecosystem [23].
However, there are few studies that support short-term monitoring of restorations with the
organic amendment of semi-arid abandoned agricultural soils. Likewise, the differential
effect of the type of organic amendment applied on the physico-chemical properties and
nutrient content of the soil as well as their impact on soil bacterial communities at the genus
level have not yet been explored.

Therefore, three sampling campaigns were carried out at the beginning, 3 and 12 months
of the restoration of an abandoned agricultural soil using different organic amendments
with the main objective of studying the changes in soil physico-chemical properties and
nutrient content, and their impact on soil bacterial composition. The working hypothesis
was that the application of organic composted residues will improve soil quality and fer-
tility by enhancing the physico-chemical properties and nutrient content of the soil, and
consequently, altering the structure of the soil bacterial community involved in C, N, and
P cycling. This research should result in a better understanding of the changes produced
after the application of different organic amendments, facilitating their appropriate selec-
tion for the recovery of the bacterial community in abandoned agricultural soils under a
semi-arid climate.

2. Materials and Methods
2.1. Site Details and Field Experimental Design

An old dry farming area located in the Sierra de Gador range (Almeria, SE Spain) was
selected to conduct the restoration task. The experimental site was located in abandoned
cultivation terraces without slope, with soils developed on limestones, dolomite, and
phyllites rocks classified as Leptosols [24]. Grapes, almonds, and cereals were grown on
these soils, being abandoned due to lack of productivity more than 50 years ago. It is located
at an altitude of 977 m. a. s. L. (36°53'20"" N, 02°36'14"” W) and at approximately 10 linear
km from the sea. The climate of the area corresponds to the semi-arid Mediterranean
climate (with rainfall of 398.50 mm yr~! over the last 24 years [25]; temperatures of 17
°C yr~! with long dry periods and high solar radiation). Through randomly distributed
linear transects, a vegetation inventory was carried out in the natural areas that have
never undergone agricultural exploitation. The vegetation was mainly composed of Retama
sphaerocarpa L. Boiss., Anthyllis cytisoides L., Stipa tenacissima L., Thymus zygis L., Cistus
albidus L., and some spare specimens of Pinus halepensis Mill., among others.

The restoration work was carried out in the first week of October 2020. Initially, soil de-
compaction was performed, and subsequently, 15 experimental plots of 35 m? (7 m x 5 m)
were designed, 3 replicates per treatment, and 3 untreated control plots (CON). A previous
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selection of amendments from different types of organic wastes was carried out in order
to determine if the composition of nutrients derived from the source of origin affect in
a dissimilar way the recovery of semi-arid restored soils. A compost of different plant
remains was used as resilient organic matter [11,12]. Animal manure rich in labile organic
matter, such as chicken manure, was used to provide organic matter rich in N and P [26]. A
vermicompost from the bio-oxidative digestion of some species of earthworms and their
digestive microbiota was chosen because of its benefits in promoting plant growth and
against pathogens [27] as well as for the contribution of diverse organic matter richin N, P,
and micronutrients [28]. Lastly, an amendment consisting of a mixture of animal manure
and plant debris was chosen in order to obtain a balanced composition between labile and
resilient organic matter. Finally, four types of composted organic amendments were added,
mixed, and homogenized to a depth of 20 cm using a rotary tiller. The composted amend-
ments consisted of both plant and animal wastes: (i) compost from fruit and vegetable
greenhouse crop residues (GC); (ii) organic compost derived from floor-raised chicken
manure on ecological farms (CM); (iii) vermicompost from sheep and cow manures with
vegetable remains (VC); and (iv) certified organic compost derived from sheep manure,
chicken manure, and vegetable waste from grass and straw (SC). A single dose was used
to increase the initial organic matter content by 1.5% above the degraded soil without
amendment. To contribute to soil restoration, four species of native aromatic plants, such
as Rosmarinus officinalis L. Schleid., Lavandula latifolia Medik., Thymus zygis L., and Anthyl-
lis cytisoides L., were selected for their ability to adapt to climatic conditions and for their
biotechnological potential in the pharmaceutical and cosmetic industry [29]. In addition,
the suitability of the introduced plants was consulted with the flora technicians of the region
and contrasted with the Forest Restoration Models of the Andalusian Government [30].
Subsequently, 15 plants of each aromatic species were planted in each experimental plot
(60 plants per plot) using a planting frame of 60 cm x 60 cm. In addition, they were planted
adjacent to natural vegetation that has never been submitted to agricultural activities, and
preserved natural vegetation soils were selected as reference ecosystem (NAT) [31]. One
week after completion of the restoration (19 October 2020; t1), three months (29 January
2021; t3), and one year later (22 October 2021; t12), soil samples composed of 10 random
subsamples were collected from each experimental plot at a depth of 0-10 cm. The samples
were transported to the laboratory cold, and DNA extraction analyses were immediately
performed. Then, soil samples were air-dried, sieved (&) 2 mm) and stored at 4 °C for
physico-chemical property and nutrient content (C, N, and P) analyses.

2.2. Soil Physico-Chemical Properties Measurements

The pH and electrical conductivity (EC) were determined in a distilled water so-
lution (1:2.5 and 1:5 w/v, respectively) measured with a pH meter (LAQUA PH1100,
Horiba, Tokyo, Japan) and conductivity meter (LAQUA EC1100, Horiba, Tokyo, Japan).
Total organic carbon (TOC) was determined by colorimetric method described by Min-
gorance et al. [32] and measured with a spectrophotometer, Spectronic Helios Gamma
UV-Vis (Thermo Fisher Scientific, Waltham, MA, USA), and total nitrogen (TN) with an
elemental analyser TCD detector (ELEMENTAR Rapid N; Elemental Analysen systems
GmbH, Hanau, Germany). Available phosphorus (AP) was determined by Olsen and
Watanabe (1957) method [33]. The results of TOC, TN, and AP contents were used to
calculate the carbon—nitrogen (C:N), carbon—phosphorus (C:P), and N:P ratios [34]. Finally,
available water (AW) was calculated from the pF values at —33 and —1500 KPa using the
Richards membrane method [35].

2.3. Bacterial Community Composition and Sequencing Data Processing

Total soil DNA was extracted from each sample (n = 18) using the commercial DNA
Power Soil kit (QIAGEN, Hilden, Germany) and quantified by ND-2000 Nanodrop spec-
trophotometer (Thermo Scientific, Waltham, MA, USA), owned by the “Nucleic Acid
Analysis Service” located at the “Central Research Services” of the University of Almeria.
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The V4-V5 regions of the bacterial 16S rRNA were amplified by polymerase chain re-
action (PCR) and sequenced by Illumina MiSeq platform [36]. Then, QIIME2 software
(version 2019.7) was used for sequence processing following the protocol established by
Comeau et al. [37] to identify the soil bacterial community at phylum level and genus level
or the next upper taxonomic level identified in the different soils analyzed at each sampling
time (t1, t3, and t12). Soil bacterial taxa with a relative abundance > 0.1% in all samples
were selected.

2.4. Statistical Analysis

Measurements of selected physico-chemical and bacterial soil properties analyzed
were performed in triplicate for each treatment. A permuted multivariate and univariate
analysis of variance (PERMANOVA) was used to determine the differences as a function
of treatment and elapsed time for chemical properties and nutrient stoichiometry (Eu-
clidean distance) as well as for bacterial community structure (Bray—Curtis) in restored,
natural, and control soils [38], which included two factors: soil treatment and time of
field sampling. In cases where PERMANOVA detected a significant effect (p < 0.05), the
origin of differences was assessed by comparing treatment pairs with post PERMANOVA
(Monte Carlo) test pairs, and results with p < 0.05 were reported as significant. Differences
in physico-chemical soil properties and stoichiometric relationships between treatments
were evaluated by principal component analysis (PCA). A previous distance-based linear
modelling analysis (DistLM) was performed on genus-level relative abundance data of
bacterial taxa and abiotic variables (physico-chemical properties and nutrient stoichiom-
etry) of the soil to determine the relative importance in the interrelationships between
soil bacterial composition and edaphic conditions in the different sampling campaigns
(t1, t3, and t12). Then, a distance-based redundancy analysis (dbRDA) was employed on
bacterial taxa data to build a regression model against the abiotic variables. The Akaike
Information Criterion (AICc) was employed for selecting the best model, and the stepwise
approach for building the model was followed [39]. PERMANOVA, PCA, DistLM, and
dbRDA statistical analysis were performed with PRIMER-E + PERMANOVA software
(PRIMER-E Ltd., Plymouth Marine Laboratory, Plymouth, UK). To identify those bacte-
rial taxa at the genus or the next upper taxonomic level identified that were specifically
associated with each treatment (restored, control, and natural reference soil), an indicator
species analysis (ISA) was conducted using the IndicSpecies R package, using the multipatt
function (9999 perm) [40]. Pearson correlations (p < 0.05) were calculated using corrplot
and RColorBrewer R packages in order to evaluate the interrelationships between the bac-
terial taxa identified by species-index analysis and soil physico-chemical properties and
stoichiometric components.

3. Results
3.1. Changes in Soil Physico-Chemical Properties and Stoichiometry Nutrients over Time

The application of organic amendments progressively changed the physico-chemical
soil properties (EC, pH, and AW), increased nutrient content (TOC, TN, and AP), and
modified the stoichiometry of nutrients (C:N, C:P, and N:P). The multivariate PERMANOVA
analysis applied to soil properties and nutrients stoichiometry showed that the treatments
were significantly different (p < 0.05) for both time and treatment factors, but not in the
interaction between them (Table Sla). All treated soils showed a significantly higher
(p < 0.05) EC than CON and NAT in all soil sampling campaigns, being significantly higher
at t1 just after amendment application (Table 1). The treatments significantly decreased the
pH with respect to CON soils, with SC and CM having significantly lower values (p < 0.05)
at t1, while the pH of GC and VC was similar to CON and NAT (Table 1). t3 and t12 had
similar trends, except for CM showing the lowest significant pH values at t12. Restored
and control (CON) soils showed significantly lower water availability (AW) than in the
reference soils (NAT) just after the start of the experiment (t1); however, this became similar
over time (Table 1). All restored soils had significantly higher TOC, TN, and AP content
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than CON, and were similar to NAT in all sampling campaigns, except for AP, which also
showed significantly higher values (p < 0.05) than NAT during all sampling campaigns
(Table 1). The TOC values were maintained in VC and GC soils in all sampling times, while
there was a significant decrease in CM over time and a slight increase in SC at t12 (Table 1).
VC and CM presented significantly higher TN content, followed by SC, and then, lastly,
GC. This trend was maintained in the restored soil during all sampling campaigns. On the
other hand, VC, SC, and CM had the significantly highest AP values and GC the smallest
in all periods of study, but significantlu lower values were presented at t1, while its content
increased at t3 and t12 (Table 1). Regarding the stoichiometric nutrient ratios, all restored
soils showed a C:N ratio significantly superior to CON and similar to NAT, and so, the
results at t1, t3, and t12 experienced a comparative decline over time (Table 1). NAT and
CON presented high C:P values together with GC, being significantly lower in VC, SC, and
CM, which decreased further through time. This trend was clearest at t1, but GC had C:P
values similar to CON and below NAT at t3 and t12 (Table 1).

Table 1. Soil physico-chemical properties and main nutrient ratios of newly reclaimed abandoned
agricultural soils with incorporation of different organic amendments.

GC vC SC CM CON NAT
t1 EC (mScm™) 0.98 +0.01 aA 0.63 + 0.8 bA 0.93 4 0.09 abA 1.02 +0.11 aA 0.10 £ 0.00 cA 0.09 £ 0.00 cA
pH 8.13 £ 0.04 abA 8.25 £ 0.01 acA 8.07 £ 0.02 bA 8.01 £ 0.01 bA 8.44 £ 0.08 cAB 8.31 £0.07 acA
TOC (%) 2.55 £ 0.24 aA 4.01 £ 0.55 aA 2.81 £0.30 aAB 2.80 £ 0.13 aA 1.78 £ 0.12bA 4.25 4 0.59 aA
TN (%) 0.29 £0.02 aA 0.39 4 0.02bA 0.367 £ 0.04 abA 0.370 £+ 0.01 bA 0.210 £0.01 cA 0.393 4 0.04 abA
AP (%) 0.004 £ 0.00 aA 0.028 + 0.0 bOA 0.019 £ 0.00 bA 0.023 + 0.00 bA 0.002 £ 0.00 aA 0.004 £ 0.00 aA
C:N 8.63 £0.45aA 10.25 + 0.86 bA 7.67 £ 0.25 abA 7.56 £ 0.19 bA 8.52 £0.20 cA 10.78 + 0.48 abA
C:p 581.75 + 148.35 aA 141.75 + 5.77 bA 141.84 +10.34 bA 120.35 + 8.87 bA 730.80 + 132.85 aA 1022.07 & 100.00 aA
N:P 66.15 £ 13.31 aA 13.95 + 0.82 bA 18.54 + 1.65 bA 15.87 + 0.79 bA 86.57 £17.95aA 95.69 £ 12.89 aA
AW (%) 9.66 = 0.26 aA 9.19 £ 0.39 aA 9.52 £0.24 aA 9.47 £ 0.30 aA 9.12 £ 0.37 aA 13.02 + 1.01 bA
3 EC (mScm™1) 0.20 £0.01 aAB 0.24+ 0.01 abB 0.43 4 0.06 bB 0.72 +£ 0.16 bA 0.09 £ 0.01 cA 0.07 £0.01 cA
pH 8.38 4 0.14 abcA 8.35 £ 0.05aA 8.04 + 0.04 bA 8.05 & 0.08 bcB 8.34 £ 0.07 acB 8.03 + 0.05 bB
TOC (%) 2.17 £ 0.23 abA 3.20 £0.13 cA 248 £0.04 aA 2.74 £ 0.27 acAB 1.64 £ 0.18 bAB 344 +£0.14 cA
TN (%) 0.27 £0.02 aA 0.35 £ 0.00 bA 0.34 £+ 0.01 bA 0.32 £ 0.04 abA 0.14 £ 0.01 cA 0.33 £ 0.01 abA
AP (%) 0.015 £ 0.00 aB 0.12 4 0.00 bB 0.05 £ 0.00 cB 0.07 £ 0.02 abcB 0.007 £ 0.00 dA 0.004 £ 0.00 dA
C:N 8.12 £ 043 aA 9.15 4+ 0.23bA 7.29 + 0.38 bA 8.68 & 0.54 abA 8.84 £0.43 cA 10.36 £ 0.03 abA
C:p 13991 +3.24 aB 26.58 £ 0.96 bB 54.05+7.14cB 42.63 +9.13bc B 246.07 £ 40.96 aB 840.35 + 184.24 dA
N:P 17.3 +1.04 aB 2.90 +£0.16 bB 7.35 £+ 0.58 cB 4.90 £ 1.03 becB 28.43 + 6.31 aB 81.18 +£ 18.03 dA
AW (%) 10.70 £ 0.36 aA 8.42 £ 2.13 abA 9.65 £ 0.41 aA 10.08 £ 0.27 aA 10.43 + 1.68 abA 13.12 £ 0.24 bA
t12 EC (mScm™) 0.32 £ 0.06 aB 0.45 £ 0.08 abA 0.47 £0.04 aB 1.30 + 0.30 bA 0.10 £ 0.01 cA 0.08 + 0.00 cA
pH 8.76 £ 0.16 aB 8.55 £ 0.14 abB 8.11 £ 0.00 cA 7.67 £0.11dC 8.54 £0.01 aA 8.19 £ 0.02 bAB
TOC (%) 2.61 + 0.22 abA 3.47 £0.27 aA 2.86 = 0.05 aB 2.234+0.12bB 1.31 £ 0.05cB 3.03 £0.03 aA
TN (%) 0.27 £0.01 aA 0.39 4 0.01 bA 0.34 + 0.01 bA 0.33 & 0.04 abA 0.16 £ 0.00 cA 0.28 £0.00 aA
AP (%) 0.01 £ 0.00 aB 0.158 £+ 0.02 bB 0.055 £ 0.00 cB 0.141 £+ 0.02 bB 0.003 £+ 0.00 dA 0.004 £+ 0.00 dA
C:N 9.51 £ 0.29 aA 8.70 £ 0.36 bA 8.42 £ 0.27 bA 6.86 £ 0.66 abA 8.14 £0.26 cA 10.7 £ 0.37 aA
C:p 214.96 + 41.2 aAB 23.22 4+ 4.40 bB 51.78 £ 4.08 cB 16.42 +2.43 bC 457.89 + 141.61 adAB 728.85 + 133.25 dA
N:P 22.36 £ 3.75aB 2.63 + 0.42 bB 6.13 £ 0.29 cB 2.48 + 0.52 bB 55.19 £ 15.86 adAB 67.34 £11.16 dA
AW (%) 10.63 + 1.59 abA 8.91 + 1.33 abA 8.42 + 1.23 abAB 7.37 £0.67 aB 8.49 £+ 1.17 abA 11.02 + 0.07 bA

EC: electrical conductivity; TOC: total organic carbon; TN: total nitrogen; AP: assimilable phosphorus; C:N:
carbon-to-nitrogen ratio; C:P: carbon-to-phosphorus ratio; N:P: nitrogen-to-phosphorus ratio; AW: available plant
water. GC: greenhouse crop residues compost; VC: vermicompost; SC: organic compost derived from the mixture
of chicken and sheep manure; CM: manure from chickens raised on the soil of organic farms; CON: unamended
control soils; NAT: natural reference soil. t1: initial soil sampling; t3: soil sampling at 3 months; t12: soil sampling
at 12 months. The lowercase letter indicates significant differences (p < 0.05) between treatments at the same
sampling time. The uppercase letter indicates significant differences (p < 0.05) of the same treatment between
different sampling times (t1, t3, and t12).

These results were confirmed by the PCA performed shown in Figure 1. The first two
component axes accounted for 40.7% and 25.7% of the total variance of the soil properties
and stoichiometry of nutrients, explaining a total of 66.4% (Figure 1). The samples for soil
physico-chemical properties and nutrients stoichiometry were approximately grouped,
where the distance between samples represented the extent of the differences. PC1 clearly
differentiated soils treated with compost derived from animal waste (CM, SC) and ver-
micompost (VC). On the opposite side (negative PC1 values), NAT and CON soils were
clearly located, while vegetable composts (GC) were in an intermediate position between
the two previous clusters (Figure 1a). On the other hand, PC2 separated the control soils in
its positive values, and practically all the samples of the GC treatment were separated from
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the rest of the treatments and NAT soils, which were mainly located in the negative values
of PC2 (Figure 1a). Therefore, the groups emphasized that, in the short term (Figure 1b),
an improvement of soil quality is related to the treatment, as they were positioned closer
to NAT soils. In addition, the arrow lines of AP, TN, TOC, and EC influenced mainly SC,
CM, and VC, while the AW and stoichiometric ratios (C:N, C;P, and N:P) were declined for
NAT, and the pH for CON soils (Figure 1; Table S2).

_ b) 5
a) 5 Ge ) 5 a
v VC X t3
& CM t12
[ SC
3t °°3 econ O
° + NAT X %
. .
pH pH
T * s x
2 * P XX Tx
& N:P <* a N:P %
o~ o
£ S

T
CP—— i A - & cp \
+t o+ % EC & - X EC
v\V o AP % X x AP

Tonaw C:NAW
v
v S
+ TOC ™ TOC ™
] I I | I | -5 1 | | | | |
I T T T T 1 I T T T T 1
-3 -1 1 3 5 -5 -3 -1 1 3 5
PC1 (40.7%) PC1 (40.7%)

Figure 1. Principal component analysis (PCA) of soil physico-chemical properties and stoichiometry
of nutrients (C, N, and P) between treatments (a) and between soil sampling campaign (b) EC:
electrical conductivity; TOC: total organic carbon; TN: total nitrogen; AP: assimilable phosphorus;
C:N: carbon-to-nitrogen ratio; C:P: carbon-to-phosphorus ratio; N:P: nitrogen-to-phosphorus ratio;
AW: available plant water. GC: greenhouse crop residues compost; VC: vermicompost; SC: organic
compost derived from the mixture of chicken and sheep manure; CM: manure from chickens raised
on the soil of organic farms; CON: unamended control soils; NAT: natural reference soil. t1: initial
soil sampling; t3: soil sampling at 3 months; t12: soil sampling at 12 months.

3.2. Bacterial Community Composition

The composition of the bacterial soil community at the phylum level varied signif-
icantly (p < 0.05) between the different treatments (GC, VC, SC, CM, CON, and NAT)
and campaigns (t1, t3. and t12; Table S1b). Proteobacteria (31.9%), Bacteroidetes (21.8%),
Planctomycetes (13%), Actinobacteria (10.6%), Acidobacteria (10.1%) and Firmicutes (4.1%)
were the most abundant bacterial phyla in the soil samples (Figure S1). The phylum Pro-
teobacteria was the most abundant in all treatments, being the most abundant at 3 months
of the restoration (t3) in vegetable compost soils (GC; 37.9%), and t3 and t12 in SC soils
(35.4% and 38.6%, respectively). Bacteroidetes phylum showed the highest abundance,
mainly at t3 in soils treated with manures (5C = 47.5% and CM = 48.9%). GC and ver-
micompost (VC) treatments favored the presence of Planctomycetes and Acidobacteria
(Figure S1). The abundance of Planctomycetes in GC and VC soils increased over time
(18.1% and 16.2%, respectively), but without reaching the values recorded in CON (19.8%)
and NAT soils (15%). The VC treatment mainly favored the phylum Chloroflexi (t1 = 5.4%;
t3 = 2.9%; t12 = 6.1%) with respect to the rest of restored, CON (t12 = 3.7%), and NAT (3.5%)
soils, while Actinobacteria decreased at t3 (6.4%) and increased at t12 (18.2%) in VC soils,
approaching the values of the reference soils (NAT; 18.5%). The application of GC (23.9%),
SC (12.4%), and CM (11.9%) promoted the presence of Firmicutes at t1 with respect to CON
(2.2%) and NAT soils (1.3%; Figure S1). Finally, CON and NAT soils showed scarce changes
in the relative abundance of over time.
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At the genus level or the next upper taxonomic level identified, a total of 181 bacterial
taxa were found. The bacterial soil membership at the genus level was significantly different
(p < 0.05). both among the different treatments and among three monitoring campaigns
performed (Table Slc).

3.3. Relationships among Soil Chemical Properties, Nutrient Stoichiometry, and
Bacterial Communities

The DistLM analysis in combination with the best linear distance model (R? = 0.37;
AICc = 345.14) explained that all abiotic soil variables studied (physico-chemical properties
and nutrient stoichiometry) were key in the development of the soil bacterial community
(Table S3). Moreover, dbRDA results revealed a distinct clustering of soil bacterial com-
munities for soils restored with organic amendment, control, and natural reference soils
(Figure 2 and Table S3). The soil bacterial taxa of the VC, CM, and SC treatments were
separated from NAT and CON soils (positive and negative dbRDA1 values, respectively;
Figure 2a), while GC-treated soils were placed in an intermediate position between the two
previous groups. Furthermore, the results of dbRDAT1 in this study revealed that EC and
PA exerted a significant influence on the bacterial composition of soils treated with animal-
derived composts (VC, CM, and SC; positive dbRDA1 values). In contrast, for negative
dbRDA1 values, samples collected at t1 and t3 from exclusively plant-derived compost
(GC) and CON and NAT soils were influenced by pH, TN, TOC, and nutrient stoichiometry
(C:N, C:P, and N:P; Figure 2b). Regarding the dbRDA?2 axis, control and VC-treated soils
had positive values influenced by AP, C:N, pH, and TN, while N:P, TOC, and AW were
negatively influencing GC-treated soils, and SC and CM in campaign t1 (Figure 2a). Regard-
ing the timing of the different campaigns, the soil bacterial community of the treatments
at t1 showed a more similar behavior, clustering around the origin of the co-ordinates
(Figure 2b). However, at t3 and t12, the bacterial composition was better differentiated
among treatments, especially in soils treated with VC, CM, and SC (Figure 2b).

3.4. Indicator Bacterial Communities in Different Restored, Control, and Reference Soils

Soil bacterial taxa sensitive to restoration strategies using organic amendments were
identified through the analysis of indicator species for the total number of sampling
campaigns over time (Figure 3). The results showed that, among the bacterial taxa identified,
53 were potential indicator species for soils treated with organic amendments employed
together with CON and NAT soils (Table S4). Specifically, five indicator bacterial taxa
belonged to CG treatment, seven to VC, 10 to CM treatment, and three to SC treatment.
Also, five bacterial taxa were obtained as indicator species from the control soils (CON),
while the reference soils (NAT) showed 23 different taxa (Figure 3 and Table S4).

3.5. Correlation Analysis between Bacterial Taxa from Indicspecies Analysis and Soil Parameters

Different correlation patterns were found among the 53 selected as treatment indicator
physico-chemical properties (EC, pH, TOC, TN, AP, AW) and stoichiometric nutrient ratios
(C:N, C:P, N:P) in the different sampling campaigns (t1, t3, and t12) (Figure 4). Overall,
the highest number of significant correlations (p < 0.05) was found at time t3, followed
by t12, while it was lower at t1. The bacterial taxa of the amended soils clearly differed
from those belonging to the natural reference soils (NAT) in terms of their relationship
with the soil properties studied (Figure 4). Specifically, in CM-treated soils, the bacterial
groups identified with the highest significant positive correlations were related to EC for
sampling times t3 and t12 (Figure 4). Alcaligenes, Atopostipes, and Sphingobacterium showed
high significant positive correlations with EC. Other bacteria indicative of CM treatment
in addition to EC also showed correlations with AP, especially at t12, such as Arthrobacter,
Nitrosospira, Pontibacter, Leifsonia, and Myroides, the last two being also correlated with
TOC at t1 (Figure 4). Similarly, in VC-treated soils, bacteria such as Truepera, Alistipes,
0_SBR1031_g_anaerobic bacterium MO-CFX2, o_Ardenticatenales_bacterium YC-LK-LK]3, and
genera belonging to the Xanthomonadaceae and Flavobacteriaceae families had an intense
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Figure 2. Distance-based redundancy analysis (dbRDA) of soil bacterial community and physico-
chemical properties for restored, control, and natural reference soils (a), and for soil sampling
campaign (b). EC: electrical conductivity; AW: available plant water; TOC: total organic carbon; TN:
total nitrogen; AP: assimilable phosphorus; C:N: carbon-to-nitrogen ratio; C:P: carbon-to-phosphorus
ratio; N:P: nitrogen-to-phosphorus ratio. GC: greenhouse crop residues compost; VC: vermicompost;
SC: organic compost derived from the mixture of chicken and sheep manure; CM: manure from
chickens raised on the soil of organic farms; CON: unamended control soils; NAT: natural reference
soil. t1: initial soil sampling; t3: soil sampling at 3 months; t12: soil sampling at 12 months.
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Figure 3. Soil bacterial taxa selected by indicator species analysis for different treatments (restored,
control, and natural reference soils). GC: greenhouse crop residues compost; VC: vermicompost; SC:
organic compost derived from the mixture of chicken and sheep manure; CM: manure from chickens
raised on the soil of organic farms; CON: unamended control soils; NAT: natural reference soil.
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Figure 4. Significant Pearson correlation (p < 0.05) between soil physico-chemical properties and the
groups of bacterial taxa selected as indicators of each restored, control, and natural reference soils, for
each sampling campaign (t1, t3, and t12). EC: electrical conductivity; AW: available plant water; TOC:
total organic carbon; TN: total nitrogen; AP: assimilable phosphorus; C:N: carbon-to-nitrogen ratio;
C:P: carbon-to-phosphorus ratio; N:P: nitrogen-to-phosphorus ratio. GC: greenhouse crop residues
compost; VC: vermicompost; SC: organic compost derived from the mixture of chicken and sheep
manure; CM: manure from chickens raised on the soil of organic farms; CON: unamended control
soils; NAT: natural reference soil.

4. Discussion

Soil physico-chemical properties and bacterial metagenomic analysis at the phylum
and genus level provided evidence on the impact of the addition of organic amendments
from different origins on soil bacterial communities. Our results provide information to
facilitate the selection of organic amendments which could favor the recovery of abandoned
agricultural soils in a semi-arid climate by studying the short-term response of edaphic
bacterial populations.

The organic amendment application modified the physico-chemical properties of the
restored soils, differentiating them from control soils and natural soils over time (Table S1a).
The most marked changes were observed between the beginning and 3 months after
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restoration (t1 and t3), with the greatest alterations in soil bacterial communities (Figure 2b).
Calcareous soils in semi-arid regions, such as the study area, are characterized by a low
nutrient content [3,4]. Thus, the composted waste used produced a significant increase in
TOC, TN, and AP for all treatments, causing a nutrient stoichiometric imbalance (C:N, C:P,
and N:P; Table 1). These changes were more notable in soils amended with animal compost
(VC, SC, and MC), which also suffered an increase in salinity compared to untreated (CON)
and reference soils (NAT; Table 1). Decomposition of added organic matter could lead to
immobilization of available nutrients, causing competition for mineral N and available
P between soil organisms, and leading to modifications in the bacterial community [41].
Previous studies have shown that compost from plant waste has a higher organic matter
resilience than compost from animal waste [12,42]. This could explain the milder changes
in nutrient content in the very short term (t1 and t3) after plant compost (GC) application,
while after 12 months of restoration, the values of the stoichiometric nutrient ratios were in
an intermediate position between the rest of the restored soils and the NAT soils (Table 1
and Figure 1).

Total and available nutrient contents could have contributed to the change in the bac-
terial community composition of the restored soils, mainly between t1 and t3 (Table S1b,c).
Changes in the bacterial community structure favor the decomposition of organic amend-
ments [16,43], consequently favoring the relationships in mineral nutrients [23]. Therefore,
the bacterial communities of the soils together with the new characteristics of the restored
soils could have generated notable impacts over time in the soils of our study. These were
more evident in the soils amended with compost from manure (VC, CM, and SC) after
12 months of restoration (Figure 2a,b). The influence exerted by the stoichiometry of soil
nutrient content may have produced changes in the composition and functionality of the
soil decomposer bacterial community [16], which could reflect differences in nutrient de-
mand and nutrient availability [44]. The use of composted waste to reclaim degraded soils
could not only favor a more efficient soil decomposer community, but could also benefit
the presence of genera categorized as plant-growth-promoting rhizobacteria (PGPR) [45].
In this study, some of the taxa identified as indicator species for restored soils, such as
Alcaligenes, Arthrobacter, Staphylococcus, or Leifsonia, are considered PGPR [28,46—48].

The increase of the copiotrophic phyla Proteobacteria and Bacteroidetes [49] three
months after the application of organic amendments, as well as the high abundance of
Firmicutes at the beginning of the restoration, suggests high rates of mineralization of nu-
trients easily assimilated by the bacterial community [50], in agreement with other authors
who have previously observed similar behaviors after the addition of organic wastes [8,21].
The application of GC favored the presence of indicator taxa involved in the nitrogen cycle
such as the Proteobacteria Halomonas and the Firmicutes Bacillaceae [51,52], as well as the
Proteobacteria Arenimonas that present different catalytic activities capable of metabolizing
a large number of substrates [21]. The presence of these bacteria could have favored the
improvement in stoichiometric ratios, bringing these soils closer to the values of natural
soils. The increase in TN and AP after the application of CM and SC composts could have
benefited the presence of bacterial taxa with copiotrophic lifestyles, such as the genera
Sphingobacterium and Flavobacterium belonging to the phylum Bacteroidetes [53], capable
of degrading organic compounds [54]. Likewise, the positive correlations with nutrient
content (TOC, TN, and AP) presented by Proteobacteria Cellvibrio (SC indicator species;
Figure 4 and Table S4) could indicate that the SC treatment favored the proliferation of
micro-organisms with a heterotrophic metabolism due to their involvement in the degrada-
tion of organic compounds [55] such as polysaccharides [26] or cellulose [56], suggesting a
high degradation of the organic matter contributed 3 months after restoration (Figure 4).
The CM treatment may have led to a selection of bacterial taxa adapted to increased salinity
and decreased pH (Figure 4), as EC and pH together with nutrient content are the most in-
fluential chemical properties on the soil bacterial composition [10,44,50,57], suggesting that
soil characteristics were the main driving forces behind edaphic biodiversity [58]. More-
over, positive correlations with TN and AP in CM soils of the Proteobacteria Alcaligenes
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(order Burkholderiales) able to degrade both labile and recalcitrant C [50] and fix N [59];
as well as of the order Bacillales (Firmicutes) able to secrete organic compound degrading
enzymes [60] and involved in C and P cycling [61] could favor biogeochemical cycles
and consequently improve plant yield by repairing soil fertility. Similarly, the indicator
bacterial taxa for the VC treatment showed significantly positive correlations with AP, as
well as positive correlations with TOC and TN (Figure 4). Among the VC indicator taxa,
the Flavobacteriaceae (Bacteroidetes) and Xanthomonadaceae (Proteobacteria) families are
distinguished for their involvement in the digestion of organic macromolecules and lignin,
respectively [50,62]. Li et al. (2017) [21] found that unclassified members of the family
Xanthomonadaceae increased with amendments of manure and straw. In addition, the
significantly positive correlations between VC indicator taxa with PA, together with their
high content, could suggest that the vermicompost presented a high stage of maturation,
since mature composts represent an important source of available P [63]. Regarding the
copiotrophic phyla detected in untreated soils and natural soils (CON and NAT, respec-
tively), the indicator bacterial taxa belonging to the phylum Bacteroidetes as the family
Microscillaceae in CON soils, and in NAT soils, the genus Segetibacter or the Proteobacteria
Psychroglaciecola have been previously observed in Mediterranean soils near the study
area [10,57].

Despite the fact that most of the indicator bacterial taxa of the study soils belonging to
oligotrophic phyla were identified in the untreated and natural reference soils (Table S4),
the restoration also produced changes in oligotrophic phyla such as Actinobacteria and
Planctomycetes, which suffered a decrease at t3 and proliferated at t12 in the restored
soils (Figure S1). These changes in relative abundance between copio- and oligotrophic
phyla could indicate a succession of soil bacterial communities towards more oligotrophic
metabolisms [13,21,64] due to short-term consumption of easily assimilable nutrients,
mainly in soils treated with animal-derived compost (VC, SC, and CM), given that in
these same soils, the phylum Acidobacteria decreased in abundance over time, increasing
only in GC soils (Figure S1), suggesting a decrease in the mineralization of C [50,64].
Soil enrichment with poultry manure compost (CM soils) favored the presence of PGPR
genera (phylum Actinobacteria) such as Arthrobacter and Leifsonia involved in N fixation
and P cycling, respectively [47,59]. The presence of these indicator bacteria together with
those previously described in these soils could suggest that metabolisms involved in
N and P cycling are taking place in CM soils that could be reflected in the slight loss
of N and increase of assimilable P over time (Table 1). As for the indicator taxa of the
VC treatment, bacteria belonging to the oligotrophic phyla Deinococcus-Thermus and
Chloroflexi were found, which could be involved in the decomposition of recalcitrant
organic matter [50]. In the control soils, all those bacteria that were not able to be identified
at lower levels taxonomically were encompassed in the slow-growing oligotrophic phylum
Actinobacteria [3,65]. This indicator taxon presented significantly negative correlations
with TOC and TN, and positive correlations with pH, suggesting the adaptation of the
bacterial community to the higher pH and low nutrient conditions of untreated soils
(Table 1). As for the indicator taxa from natural soils, most of them presented significantly
positive correlations with stoichiometric nutrient ratios (C:N, C:P, and N:P) and useful
water, suggesting greater adaptation to the conditions of the reference soils. Some of these
bacterial taxa, such as Blastococcus, were also frequently found in other semi-arid soils
characterized by low organic matter content and adaptations to extreme conditions [11,57].

The results of this experimental case for the reclamation of abandoned agricultural
soils have shown that the bacterial community structure of the soils was influenced by
the type of organic amendment applied. The most drastic changes occurred between the
beginning and 3 months after restoration, as a consequence of the alterations in the abiotic
properties generated (nutrient content and stoichiometric ratios). It was also observed that
the organic origin of the composted residues used generated differences in the bacterial
composition of the restored soils, control soils, and natural reference soils.
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5. Conclusions

Studies of the evolution of abandoned soil restorations through the application of
organic amendments are important to reveal soil bacterial patterns and to identify edaphic
factors and nutrient availability that could influence soil biodiversity. The results of this
research revealed that the addition of composted residues modified the physico-chemical
properties of the soils by increasing the nutrient content and varying their stoichiometric
ratios with respect to untreated soils and natural reference soils, especially during the
3 months of the restoration. These alterations could have interfered with the development
of the bacterial community in the different soils studied. This could be explained by the fact
that the bacterial composition of each treatment was significantly different from the rest.
Additionally, the results revealed that throughout the study period the soils restored with
plant compost (GC) presented an intermediate behavior between the reference soils (un-
treated and natural soils) and the soils treated with vermicompost and animal compost (SC
and CM), the latter behaving differently from the former mainly at 12 months of restoration.
At the phylum level, the results suggested the existence of a short-term bacterial succession
between the increase after 3 months in the relative abundance of faster-growing phyla
(Proteobacteria, Bacteroidetes, and Firmicutes), which, after 12 months of restoration, were
replaced by slower-growing phyla (Actinobacteria, Planctomycetes, and Acidobacteria).
Likewise, the organic matter provided by each amendment could have favored the presence
of specific bacterial taxa for each of the study soils with important implications in the C,
N, and P cycles, as well as the establishment of bacterial genera considered PGPR such
as Alcaligenes, Arthrobacter, Staphylococcus, or Leifsonia. In conclusion, the results indicated
that composted greenhouse crop residues favored a soil bacterial community and nutrient
content closer to reference soils than other organic amendments applied. Therefore, it could
be an optimal treatment for the short-term recovery of agriculturally degraded soils in
semi-arid areas.
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