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Abstract: Brazil is one of the main producers of pork meat in the world. It is well-known that
the agricultural sector is a key component of the economic development of this country, where
super-intensive fields are only competitive in the globalized market. For the farmers, the application
of swine manure to fertilize the soil can increase the yearly income, but it also may cause serious
environmental problems related to soil health and soil quality. In this research, we assessed the effects
of applying liquid swine manure in a tropical soybean (Glycine max) plantation to better understand
when this technique stops being effective and starts causing a threat to soil health and quality.
Therefore, we compared values of several soil properties and the soybean yield on treated fields at 10
random points belonging to 7 different plots that were treated with the liquid swine manure over
a period ranging from 0 to 15 years. The results showed a positive linear trend in soybean production
from 2.45 to 3.08 Mg ha~! yr~1. This positive trend was also recorded for some key soil parameters
such as porosity and exchangeable cations content (Ca, Mg, K, and Al). Additionally, positive effects
were also found for organic matter content after 10 years of application. Our findings suggest that
the use of liquid swine manure has a positive effect on soybean yield and improves soil quality,
particularly on mixed farms where pigs are intensively raised nearby cultivated fields.

Keywords: chronosequence; mixed-farming; agricultural land management; agricultural
intensification; fertilization

1. Introduction

Humanity will reach around 9 billion people by 2050 [1]. Undoubtedly, this fact will cause
a significant increase in food demand for future human consumption [2]. Steinfeld et al. [3] already
estimated the increase of landless livestock production systems as a way of guaranteeing enough meat
production for an increasingly urban global population. The greatest growth in terms of the number
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of people, and consequently of meat production, would logically occur in developing countries in
which high birth rates are still common [4]. Considering the type of food consumed by the population,
pork is by far the most consumed (~110 million t yr~') [5], in spite of being considered a forbidden
food for Muslims [6] and Jews [7], and a large increase in the number of vegetarians [8].

In 2016, Brazil produced 3.73 million tons of pork, mostly in landless farms, which ranks them
in fourth place in the world top statistics after China, the European Union, and the United States [9].
However, this also means a large production of (solid and liquid) manure and other wastes that can be
found on an intensive farm [10]. Therefore, Brazil has to face a double challenge in the next few decades:
(a) increasing its meat production aimed at feeding local people and maintaining exports, and (b)
managing farm manure properly in order to reduce their negative impacts (e.g., water pollution).

Some alternatives have been proposed so far to use swine manure: biogas (methane)
production [11], feeding cattle and fish, and soil fertilization. The latter option is currently well
accepted. Applying (solid and liquid) swine manure as fertilizer in agricultural areas has been reported
to have positive effects on fertility, organic matter content, and crop production [12,13]. The application
of manure from other livestock species (e.g., sheep, cattle, etc.) has also been reported to have positive
effects [14,15], although, to date, it is still necessary to conduct additional research to analyze the effects
of different types of manure under comparable conditions for different chronosequences and crops [16].

For instance, Kafle and Chen [17] compared the biochemical methane potential of the most
common types of livestock manure (dairy, horse, goat, chicken, and swine) in order to be able to
predict the effect of animals on greenhouse gases (GHG) emissions. Also, Scczech and Smolinska [18]
compared different types of livestock manure to assess which type is most effective against plant
diseases. Moreover, Meng et al. [19] studied the effects of seven different treatments of vegetal fertilizers
(composed of wheat straw, oil cake, and cottonseed cake) on soil quality, crop production, and N,O
emissions in long-term research (=15 years) in China. These kinds of research can be considered a clear
start toward developing new policies and strategies to correctly manage soil resources.

On the other hand, negative effects of applying (liquid) manure on agricultural soils have
been also observed, which comprise of degradation processes such as (ground) water pollution [20],
eutrophication of surface water [21], soil salinization [15], leaching of pollutants [22], and GHG
emissions [23]. Although there is a wide consensus in the scientific community on the main cause
of these above-mentioned problems, namely mismanagement, a comprehensive study focused on
the balance between negative and positive effects of applying manure could be of great value for
decision-makers in areas where super-intensive productions are common.

Several (partial) studies focused on the pros and cons of applying manures from different
perspectives have been carried out so far in Brazil. Kunz et al. [24] analyzed possible solutions for
storing liquid swine manure for a long time in pits or covered ponds. Sigua et al. [25] found the presence
of dangerous bacteria at a watershed scale as a consequence of the mismanagement of pig manure
and slurry in some farms in the southern State of Santa Catarina. Cherubini et al. [26] compared four
different management systems of swine manure (liquid manure storage in slurry tanks, a biodigester
by a flare, a biodigester for energy purposes, and composting), although this study did not focus on
an agricultural purpose.

Another controversial point, which is currently the most important motivation of this research,
is the lack of a consensus in the literature about the efficiency of liquid swine manure (LSM)
as an enhancer of soil quality, particularly in terms of its temporal effects, i.e., when do these
practices become effective? Is there any time after which it starts to be harmful to soils? There are
many studies that have shown an improvement in soil quality after at least 10 years of treatment,
e.g., Asada et al. [27] in Japan (13 years); Loss et al. [28] in Brazil (10 years); and Andrade et al. [29]
and Rodrigues de Melo et al. [30], also in Brazil (20 years and 9 years with chicken manure, respectively).

Taking into account the above-mentioned, the main goal of this research was to better understand
the temporal dynamics (chronosequence) of soil quality assessed by key indicators such as porosity,
bulk density, aggregate stability, pH, organic matter, potassium, calcium, magnesium, and aluminum
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(as an indicator of toxicity), and the crop production of soybean, following a temporal gradient
(A1—1 year, A2—3 years, A3—D5 years, A4—7 years, A5—10 years; A6—15 years; AC: control area
without manure). Our hypothesis was that the crop production and soil quality increased until a level
of toxicity is reached (perhaps evidenced by Al content), which could be longer than 15 years.

2. Materials and Methods

2.1. Study Area

The study was conducted in a privately-owned farm located in the rural municipality of Irati
(Parana State, Brazil): 25°33’12” S and 50°52’20” W. The plots comprised a total area of 29 ha,
of which 20 ha were annually cultivated with soybean (Glycine max) crops (harvested once per year
due to relatively cold conditions in some months of the year) since 1998 (20-year duration) under
a non-tillage system. In winter, oats (Avena strigosa) were sown to function as a vegetation cover during
the rainiest period. The remaining 9 ha was divided into (i) an enclosure of 1 ha where pigs were raised,
(ii) 4 ha with natural pastures, and (iii) 4 ha with Araucaria forest (Figure 1). This soil management
aims to reduce soil erosion and provides biomass for the next cultivation (soybean) cycle.

The agricultural fields (20 ha) were divided into seven areas (talhoes in Portuguese) with different
periods of application of manure and the time when fertilization by manure began (Table 1 and Figure 1).
The farm was a traditional faxinal transformed into a more productive mixed-farming system where
the swine manure generated within the farm is “recycled” as fertilizer.
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Figure 1. The geographical location of the farm and its seven study areas, including their
sampling points.

The farmislocated in the sedimentary basin of the Parana River in the eastern part of the escarpment
of the Serra Geral (limit between the second and third Parana plateaus). The mean elevation is 850 m
a.s.l. and the average slopes are 12%. The dominant soil type is a Cambisol [31], which reaches 88% of
the farmland surface. The climate can be defined as humid subtropical without dry seasons and it
freezes in the coldest months. These physical constraints have limited the economic profitability of
the farm as a traditional faxinal. For these reasons, the farmer installed some facilities aimed at raising
pigs in an intensive system.
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Regarding the livestock production cycle, the animals arrived at the farm facilities (Figure 2a)
in the final part of the raising period. They arrived at the age of 60 days and they remained there
until reaching 150 days when they left to be slaughtered. Each lot held 680 animals, which generated
around 50 m? of liquid swine manure during their stay in the farm (information provided by the farmer
during non-formal interviews). These wastes are stored in a covered pond with a capacity of 100 m?
(Figure 2b), which was spread over the agricultural areas in September (beginning of the soybean
cropping season). Finally, the farmer added an average of 5 to 7 m? of liquid swine manure per hectare.

Table 1. Main characteristics of the study areas (A).

AC Al A2 A3 A4 A5 A6

No. of years of application 0 1 3 5 7 10 15
Slope (%) 13 14 12 10 12 13 9

Sand (%) 20 22 21 24 21 23 24

Silt (%) 32 34 33 35 31 33 35

Clay (%) 48 44 47 41 48 46 41

Time of crops (years) 15 15 15 17 17 20 20

Surface biomass before crop (ton hal) 3.8 4.1 3.8 3.5 4.1 4.0 39
Al1—1 year, A2—3 years, A3—D5 years, A4—7 years, A5—10 years; A6—15 years; AC: control area without manure.
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Figure 2. Some pigs on the farm (a) and the covered pond where the liquid manure is stored (b).
2.2. Soil Sampling and Analysis

First, the farm was mapped using the software ArcMap 10.5 (ESRI, Redlands, CA, USA) in order
to delimitate the different study areas according to the time when fertilization using liquid swine
manure was undertaken. Then, a total number of six areas with different timespans of fertilization
were identified and another one that had never been fertilized was used as a control area (AC). In every
plot, 10 random points were chosen to collect soil samples in order to analyze some key physical
and chemical properties. This soil sampling strategy allowed us to assess different environmental
conditions at the pedon scale with different inclination, roughness, and antecedent soil moisture
in order to see the antecedent soil aptitude prior to being cultivated. Three depth intervals were
considered: 0-10 cm, 10-20 cm, and 20-30 cm. These soil depths were chosen to assess the soil quality
effect in the most superficial layers where soil erosion processes characterized by intense overland flow
and sediment yield were more intense.

A total of 30 soil samples were collected in each study plot (210 samples in the whole farm
as the input of the dataset). The sampling time was in October 2017 (approximately at the beginning
of the soybean cultivation) and after that, the soil samples were transported to the laboratory for
standard analysis. The dataset was composed of the 210 cases mentioned above and 10 variables:
aggregate stability index, bulk density, soil porosity, pH, K, Ca, Mg, Al, SOM (soil organic matter),
and soybean production. The aggregate stability was estimated under wet conditions following
the Yoder method [32] described by Kiehl [33], identifying the geometric and weighted mean diameters
of each soil sample. With this information, the aggregate stability index could be quantified [34].
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Bulk density was estimated by using the core method (~100 cm® of volume) [35] and soil porosity with
the volumetric balloon method [36]. Chemical properties (pH, K, Ca, Mg, and Al) and soil organic
matter were calculated using standard methods of laboratory [37,38]. In addition, five samples of
liquid swine manure were collected in the covered pond and delivered to the laboratory in order to find
its chemical composition. The soybean production was estimated immediately before the beginning of
the harvesting. For this estimation, 10 randomly selected micro-plots of 5 X 5 m in each study area were
used, where soybean plants were cut and sent to the laboratory in order to estimate the production of
each plot (expressed in tons ha™!). The plots were located near the soil sampling points in order to be
able to correlate them with each other.

2.3. Data Analysis

We worked on the dataset characterized by 210 cases and 10 variables classified in four different
steps. The first one was to show the basic statistical parameters such as mean, minimum, maximum,
standard deviation, and coefficient of variation of the chemistry of the swine manure and the 10 soil
variables considered. It was complemented with an analysis of the temporal trend using a linear
graph. Second, a comparison between the mean values of each study area was carried out in order
to detect significant differences in the variables. The third task was to conduct a linear correlation
analysis (after testing the normality of the variables) between all the variables in order to find possible
cause—effect relationships. The most significant correlations were analyzed with more detail using
scatterplots and regression analyses. The statistical analyses were carried out by using the software
package Statistica 6.0 [39]. The main goal was to assess the values that show the highest relationships
among them.

3. Results

3.1. Chemistry of Swine Manure

Table 2 shows the chemical properties of the liquid swine manure stored in the covered pond.
The pH ranged from 6.40 to 7.30 (neutral values), nitrogen from 2.25 to 3.10 g L~!, phosphorous
from 2.58 to 3.41 g L~!, manganese from 0.03 to 0.04 g L™!, copper from 0.06 to 0.08 g L™}, organic
carbon from 15.70 to 17.10 g L™}, and potassium from 1.07 to 1.31 g L~!, showing a low data variability
(CV £ 15%). The pH values were negatively correlated with organic carbon (r = —0.900, p < 0.05)
and copper (r = —0.949, p < 0.05). In addition, organic carbon showed a significant correlation with
potassium (r = —0.900, p < 0.05).

Table 2. Mean values (expressed in g L1 of the samples of collected liquid swine manure.

pH N P Mn Cu ocC K
Sample 1 6.80 2.25 2.97 0.04 0.07 16.40 1.25
Sample 2 6.40 2.78 2.58 0.04 0.08 19.70 1.07
Sample 3 7.30 3.10 3.15 0.04 0.06 15.70 1.31
Sample 4 6.90 2.29 3.27 0.03 0.06 16.50 1.17
Sample 5 6.50 2.27 3.41 0.04 0.08 17.10 1.21
Average 6.78 2.54 3.08 0.04 0.07 17.08 1.20
Standard deviation 0.36 0.38 0.32 0.00 0.01 1.55 0.09

Coefficient of variation (%) 526 15.14 1043 1282 1196 9.06 7.50

3.2. Soil Properties

The mean values of each soil property studied for all depth intervals and years of treatments are
shown in Table 3. When looking at the changes over time (the temporal pattern, which was significant
according to the Kruskal-Wallis test) of increasing values were found for every property, except bulk
density, which showed a decreasing trend. For the spatial pattern, we found a reduction in values of
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every variable with increasing depth. Nevertheless, some remarkable differences between variables
were found when comparing different years of treatment and depth.

Table 3. Mean values of soil properties. ASI: aggregate stability index; BD: bulk density (g cm™3); K,
Ca, Mg, and Al are expressed in cmolc dm~3; SOM in g kg™!, and soybean yield in tons ha~!.

Years of Treatment Depth (cm) ASI BD Porosity K Ca Mg Al SOM  Yield
0-10 52.01 1.38 42.74 0.38 1.67 1.52 092 3880

0 10-20 51.85 1.37 4247 0.37 0.89 1.39 0.81 2757 246
20-30 51.30 1.38 42.90 0.28 0.83 123 1.01 21.96
0-10 52.81 1.37 44.05 0.42 1.91 2.01 1.49 38.92

1 10-20 51.60 1.36 45.09 0.39 1.01 1.54 2.00 3222 245
20-30 50.64 1.36 43.16 0.29 0.81 1.28 233 2286
0-10 54.48 1.24 50.82 0.69 2.34 2.96 1.59 41.71

3 10-20 52.76 1.25 48.82 0.48 2.00 1.81 1.99 35.51 2.54
20-30 51.75 1.29 47.31 0.34 1.65 1.45 213 29.34
0-10 60.44 122 53.99 0.80 3.89 3.06 1.95 4291

5 10-20 55.64 1.24 53.89 0.55 2.73 1.65 2.09 38.29 2.66
20-30 52.84 1.29 53.72 0.39 2.09 1.33 222 31.47
0-10 61.62 122 55.60 111 5.09 6.16 2.68  43.96

7 10-20 57.50 1.23 54.63 0.78 3.79 4.62 326 4274 275
20-30 5427 125 53.67 0.48 2.83 3.12 3.39 36.00
0-10 64.71 1.19 60.97 1.37 7.18 10.74 4.92 45.34

10 10-20 59.95 1.20 59.44 1.02 4.90 9.64 560  44.61 2.84
20-30 57.13 121 58.67 0.90 4.00 7.85 702 42.87
0-10 65.46 1.18 63.20 2.19 7.81 12.36 680 4592

15 10-20 64.52 1.19 62.37 117 6.60 10.34 7.31 45.69 3.08
20-30 63.37  1.20 61.73 0.98 5.59 8.44 874 4394

The effects of the treatment were significant from a statistical point of view after 5 to 7 years of
treatment at every depth. However, this trend was not found for the aggregate stability index at the depth
interval of 20-30 cm (10 years). With respect to soil depth, only the aggregate stability showed significant
differences between depth intervals after 5, 7, and 10 years of treatment. The analyzed chemical
and biological properties showed significant differences between depth intervals in all the periods
but the tendency was only significantly different between 0-10 cm and 20-30 cm after 5 (Al), 7 (SOM),
10 (Mg), and 15 years (Ca) of treatment. Potassium showed significant differences between all
the intervals after 3 years of treatment.

At the surface (0-10 cm), all the variables (except bulk density) increased their mean values over
time. The aggregate stability index increased for each year of treatment by 0.90, porosity by 1.4%, K
by 0.12 cmolc dm~3, Ca by 0.41 cmolc dm~3, Mg 0.72 by cmolc dm~3, Al by 0.39 cmolc dm~3, and soil
organic matter by 0.47 g kg~!. From 10 to 20 cm depth, the trend was similar but the amount of
increase per year decreased, with the exception of Al and SOM that increased by 0.43 cmolc dm™
yr~!and 1.21 g kg™! yr7!, respectively. In the deepest soil layer (20-30 cm), the temporal pattern was
very similar to the 10-20 cm soil layer, with a general increment of all variables and lower increasing
values per year. However, Al showed an increase of 0.52 cmolc dm™ yr~! and SOM of 1.47 g kg yr'.
Therefore, these results prove the capacity of the deepest soil layer to store, at least, more Al and SOM.

3.3. Correlation and Regression Analysis

Table 4 shows the coefficient of correlation between the different variables of the dataset. Most of
them showed a very high correlation (significant at p < 0.001), which shows how the time of treatment
and its consequent improvement of soil quality were positively influencing the soybean production.

Figure 3 shows the scatterplot of potassium content (for the three depth intervals) against soybean
yield, which alongside calcium, helped to influence the soybean production. The first interval (0-10 cm)
showed an R? value of 0.98, the second one (10-20 cm) reached 0.95, and the deepest one 0.87.
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From these results, we consider that soybean production can depend on the number of soil nutrients
that can be stored in the whole profile, and not only at the surface level.

Table 4. Coefficients of correlation between variables (N = 210, Spearman). ASI: aggregate stability index;
BD: bulk density. *, **, and *** mean statistical significance at p < 0.05, p <0.01, and p < 0.001, respectively.

Time Depth ASI BD Por K Ca Mg Al SOM

Depth 0.000
ASI 0.822 *** —0.326 ***

BD  -0857**  0.169* —0.773
Por 0.920 *** -0.086 0.789 %% —0.819 ***
K 0.861 %%  —0429%%  (0854%%*  _(.836**  (.843 ***
Ca 0.920**  —0.316**  0.861**  —0.848**  0.900**  0.949 **
Mg 0.864 %  —0.345%%  (0.822%%F 0796  0.824%*  0918**  (.910**
Al 0.923 ** 0.204 ** 0.674 %%  —0725%* 0816  0707*% 0776+  0.743%*
SOM  0.808***  —0498**  (0.843**  _0774%%  0787*%  0923**  0906**  0907**  0.649 **
Yield 0936 ** 0.000 0.800 %  —0.818**  0.845**  0817**  0.868**  0803** 0854+  (.757%*
321 y=2.3034 + 0.7257x y=2.2058 + 0.7016x
= 0.9349, p= 0.0020, 7= 0.8740 r= 0.9756, p=0.0002, r?= 0.9517
3.1 1
*
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Figure 3. Scatterplot of potassium content at three depths vs. soybean production.
4. Discussion

The survival of many farmers of the central region of the Parana State (Southern Brazil) depends on
finding strategies that allow for optimizing the economic performance of the land since the traditional
faxinal system (extensive ranching) is now vanishing due to its lack of profitability [40]. One of
the strategies followed by the owner of the studied farm was to convert a former faxinal farm into
a mixed-farming system where one part of the farm (*25%) was dedicated to livestock husbandry
(60 days outside + 90 days inside). The remaining land surface was annually cultivated soybean crops
of relatively high profitability. This formula allowed the owner to save much more money in fertilizers
since they can produce a large volume of manure each year, and in transport costs because he does not
need to buy and transport fertilizers.

The positive effects of applying liquid swine manure in tropical soybean crops have been confirmed
by our research, which demonstrated a positive trend in crop production and improvement in soil
quality (physical, chemical, and biological properties), at least in the first 15 years of application.
We have to remark that we considered only the upper layers of the soil where soil erosion processes
are more intense. Future research is needed to assess the impacts of manure application on soil depths
of more than 30 cm. Possibly, sub-surface flow movements, water content, and microbiology are also
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modified due to the application of manure and the intensification of the production. Therefore, we must
still be careful with interpreting these positive effects in the upper layers of the soils because some soil
properties, such as the amount of Al, increased [41].

Soil samples were collected at the beginning of the soybean cultivation. Soil variables were
measured prior to cultivation (i.e., prior to manure application) and used for the correlation analysis to
detect possible cause—effect relationships between soil variables and the soybean yield. This off-set in
sampling time for both parameters may have introduced some uncertainties in the results as the soil
fertility status, and hence yield, may have been impacted by the applied manure. In our study, the Al
content reached 8.74 cmolc dm~2 in the deepest part of the soils (20-30 cm), which made it, together with
bulk density, the only variables that increased their values with increasing depth. Furthermore, this
formula may also only be suitable for tropical areas where the process of decomposition of organic
matter is usually quite fast [42] but dryer environments may lead to an excess of nitrogen [43].
For instance, the research carried out by Mellek et al. [44] shows the positive effects of applying (dairy)
liquid manure for only two years in a farm located in the Parana State (Southern Brazil). They oppose
the opinion of many other scientists who consider the application of liquid manure a non-sustainable
soil management practice due to its negative effects leading to water pollution. In this way, for instance,
Bakhsh et al. [45] investigated the NO3-N into shallow groundwater in a study carried out in Iowa
(USA). Also, Tabbara [46] confirmed the potential loss of phosphorous only 24 hours after applying
the manure. In this matter, the accumulation of Al in the 20-30 cm depth layer can perhaps be
interpreted as a risk of storing toxic elements that can be infiltrated into the groundwater or transported
to the land surface through surface runoff and erosion.

Regarding the application of liquid manure on soybean crops, Schmidt et al. [47] considered this
an acceptable management, except when a disease may be present in the soil. In this research, the authors
worked on farms where the white mold (Sclerotinia sclerotiorum (lib.) d. By.) disease had been present
in the past. Another management question is the necessity of immediate rainfall after the application
of manure. Under the current and predicted climate change, vulnerable areas around the world
are likely to receive more and more erratic rainfall, which will increase soil vulnerability [48-50].
However, since this factor cannot be controlled, it is important to develop effective strategies to mitigate
soil quality issues. On the other hand, the loss of the effectiveness of the treatment and the possibilities
of toxic elements to end up in the water drainage increase considerably [51]. In this tropical area,
where the study was conducted, the temporal rainfall pattern is quite regular at the moment, but it can
be risky in the case of the effects of climate change or El Nifio/La Nifia (ENSO/ENOS) that will reduce
the number of days of rainfall.

Another controversial question we will face in the future is the emissions of N,O and CHy
during the composting of liquid swine manure [52] that can be reduced with the proper use of cover
in the slurry ponds. In the case of the European Union, the normative (Corrigendum to Commission
Implementing Decision (EU) 2017/302 of 15 February 2017 establishing best available techniques (BAT)
conclusions, under Directive 2010/75/EU of the European Parliament and of the Council, for the intensive rearing
of poultry or pigs) to manage this kind of facilities is quite strict. In Brazil, the consciousness is now
increasing regarding the problems mismanagement of liquid manure can cause for the environment.
However, as other authors demonstrated for other study areas, the intensification of the land use
changes and the introduction of new cultivars could add new variables to these kinds of studies [52].

5. Conclusions

The positive effects of applying liquid swine manure in tropical soybean crops have been confirmed
for at least the first 15 years of treatment. Therefore, it could be a sustainable strategy for many farmers
that need to increase the profitability of their farms without damaging the environment. This practice
considerably improved soil properties from the first year of treatment onwards, and significant
differences were found even after only five years of application. This enhancement in soil quality had
positive effects in terms of soybean production, which increased by 0.65 t ha=!. We conclude that it was
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particularly interesting to note the evolution of Ca and K in the whole soil profile, which were highly
correlated with soybean production. It is also remarkable that an accumulation of a toxic element such
as Al was found, although it was only measured at a depth of 20-30 cm. Therefore, further research
should focus on the impacts of the manure application from the 30 cm soil depth downwards.
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