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Abstract

Composting has been recommended as a suitable alternative for recycling wastes and could improve tannery sludge (TS) before its use.
However, the long-term application of composted tannery sludge (CTS) may bring concerns about its effects on soil properties and,
consequently, on plants and environment, mainly when considering Cr contamination. In this study, we summarize the responses of
soil chemical and biological parameters in a 10-year study with yearly applications of CTS. Chemical and biological parameters were
assessed in soil samples, and the multivariate analysis method principal response curve (PRC) was used to show the temporal changes
in all the biological and chemical properties caused by CTS. The PRC analysis showed different long-term response patterns of
chemical and biological parameters according to the rates of CTS. Interestingly, Cr content increased strongly in the first 5 years and
only increased slightly in the following 5 years. The yearly applications of CTS changed the biological and chemical parameters of the
soil, negatively and positively, respectively. Organic matter, K and P, increased during the 10 years of application, while soil pH and Cr
concentration increased, and soil microbial biomass and enzymes activity decreased.

Keywords Industrial waste - Soil quality - Metals - Environmental contamination

Introduction

The agricultural use of municipal and industrial wastes, as
a potential possibility for recycling, has increased
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worldwide. For instance, municipal wastes are already
recommended to be used as fertilizers in agricultural soils
(Romanos et al. 2019; Kicinska et al. 2019). However,
industrial wastes present some restriction for agricultural
uses, mainly due to their chemical composition including
some toxic metals (Miranda et al. 2019). Particularly, tan-
nery sludge (TS), a waste generated by tannery industries,
has been studied as potential waste to be applied in soils,
since it has high organic matter content and contains some
plant nutrients (Araujo et al. 2013). However, TS also
presents high content of Cr that can contaminate the soil
and plants. For example, the presence of Cr in soil has
affected rhizobia that promote the biological N fixation in
legumes (Miranda et al. 2014). In maize and cowpea, Cr
has been translocated to shoot and grains (Sousa et al.
2018) and can bring some health issues, such as cancer
and allergic dermatitis in humans (Scragg 2006).

Some alternative methods for recycling TS, such as
composting, have been recommended before its applica-
tion in soil (Silva et al. 2010; Santos et al. 2011). Indeed,
composting is an effective process for organic residues
decomposition, improving their biological, chemical, and
physical quality (Singh et al. 2011). On the one hand,
composting does not decrease Cr content since the process
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does not remove or degrade Cr from the waste (Santos
et al. 2011). On the other hand, the increase in soil organic
matter content, after application of compost, can improve
the soil quality and ameliorate the effect of Cr on soil
properties (Oliveira et al. 2015). For instance, the applica-
tion of composted tannery sludge (CTS) for years in-
creased the soil organic matter and the levels of plant
nutrients. However, the concentration of Cr also increased
after the application of CTS (Araujo et al. 2013).

The positive shifting in the soil chemical parameters
after CTS application is important since the chemical el-
ements improve the soil fertility and provide nutrients to
plants (Schjoerring et al. 2019). However, the increases in
some chemical parameters, such as soil organic matter
(SOM) and Cr concentration, affect the soil biological
properties over time (Sousa et al. 2017). Biological prop-
erties are important to the suitable soil functioning, as
they regulate several processes in soil, such as organic
matter dynamic and availability of nutrients (Cardoso
et al. 2013). Important biological parameters like soil mi-
crobial biomass (SMB) and enzymes are quite sensitive to
soil disturbance after application of wastes (Araujo et al.
2010). Some previous studies have reported the long-term
effect of municipal waste on chemical and biological
properties (Bastida et al. 2008; Walia and Goyal 2010;
Srivastava et al. 2016). So far, there are no studies eval-
uating the effect of CTS on soil chemical and biological
parameters in the long term, i.e., longer than years.

Here, we summarize the results of a long-term experiment,
i.e., over 10 years, evaluating the effect of CTS on chemical and
biological soil parameters. The main research question is how the
chemical and microbial properties change during 10 years of
yearly applications of CTS. We assessed the annual and cumu-
lative responses of chemical and biological parameters
to 10 yearly applications of CTS. In addition, we used
the principal response curve (PRC), a multivariate meth-
od based on redundancy analysis, to verify the treatment
effects through 10 years of application (Van den Brink
and Ter Braak 1998, 1999).

Material and methods
Experimental site

The long-term experiment was conducted on an experimental
field located at the Federal University of Piaui, Brazil. The soil
is a “fluvent” soil (USDA Soil Taxonomy) presenting 100-
g/kg clay, 282-g/kg silt, and 618-g/kg sand. CTS was obtained
by composting tannery sludge (a mixing of TS, sugarcane
bagasse, and manure; 1:3:1 v:v:v) during 3 months. The av-
erage chemical properties of CTS were (USEPA 1986) pH =
8.5, organic C = 187 glkg, N=1.7 g/kg, P=4.0 glkg, K=3.3
g/kg, Ca=95.3 g/kg, Mg =6.8 g/lkg, S =9.4 g/kg, Cu=17.8
mg/kg, Ni = 21.9 mg/kg, Cd = 2.9 mg/kg, Pb = 12.6 mg/kg,
and Cr = 1815 mg/kg. The same CTS was applied in all years,
and its quality, regarding to chemical composition, was as-
sured regularly by laboratory analysis.

The experiment was started in 2009 by the inputs of CTS at
the following rates: 0 (control), 2.5, 5, 10, and 20 t/ha. From
the beginning of the experiment until 2019, we sowed cowpea
(Vigna unguiculata) in experimental plots of 20 m?. Every
year, before cowpea sowing, CTS was applied on the soil
and incorporated into the 0.2-m layer. At 45th day from the
application of CTS, soils were sampled using four subsamples
per plot, at 0- to 0.2-m depth. The samples were subsequently
sieved (2 mm) and stored at 4 °C.

Chemical and biological parameters

Soil pH, Ca, K, and P were analyzed according to Donagema
et al. (2011). The electric conductivity (EC) was estimated
through the methodology proposed by Richards (1954).
Total organic C (TOC) was estimated using the wet combus-
tion method (Yeomans and Bremner 1988), while the total Cr
concentration in soil was determined by atomic absorption
spectrophotometry (USEPA 1986).

Soil microbial biomass C (MBC) and N (MBN) were esti-
mated by chloroform fumigation-extraction method according
to Vance et al. (1987) and Brookes et al. (1985), respectively.

Table 1 Soil pH, total organic C

(gkg"), Ca (cmol, kg, and CTS Soil pH Total organic C Ca content Electric conductivity
electric conductivity (dS m) in
soil after 10 years of CTS (t/ha) 10th year  Year 1-9  10th year Year 1-9  10th year Year 1-9  10thyear = Year 1-9
application as well as the
preceding years (year 1-9) 0 6.3 6.2 8.8 9.0 0.9 0.8 0.25 0.27
2.5 7.8 7.6 21.5 21.0 1.9 1.0 1.35 0.90
5 8.1 8.0 26.7 26.1 22 2.1 1.70 1.13
10 8.6 8.5 34.7 33.8 2.8 2.7 2.81 1.90
20 8.8 8.7 429 41.8 3.9 3.7 3.89 2.45
NOEC 0 25,0 0 0 0 0 0 0

A more detailed overview on the NOECs at the different years is referred to Table S1
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Table2 K (mgkg"),P (mgkg™),

and Cr (mg kg'') in soil after 10 CTS K content P content Cr content

years of CTS application as well

as the preceding years (year 1-9) (t/ha) 10th year Year 1-9 10th year Year 1-9 10th year Year 1-9
0 29.6 29.6 29 2.8 2.6 25
2.5 589 57.8 5.3 5.1 10.9 10.0
5 58.4 57.2 8.0 7.7 67.1 56.5
10 61.6 60.7 7.8 7.6 85.5 72.5
20 73.4 723 12.6 12.1 134.0 1183
NOEC 0 25,0 0 25,0 0 25,0

A more detailed overview on the NOECs at the different years is referred to Table S1

Soil basal respiration (BR) was estimated through the method
of CO, evolution proposed by Alef and Nannipieri (1995).
The BR/MBC is the ratio between BR and MBC (mg CO,
kg ' MBC d"). The MBC/TOC is the ratio between MBC to
TOC (%). Dehydrogenase (DHA) was estimated through the
method proposed by Casida et al. (1965). Fluorescein
diacetate (FDA) hydrolysis was estimated according to
Schnurer and Rosswall (1982).

Statistical analysis

No observed effect concentrations (NOECs) were calculated for
all CTS rates and biological and chemical variables separately.
The effects were considered consistent when they showed statis-
tically significant deviations pointing in the same direction for at
least two consecutive sampling years. The NOEC calculations
were performed using the Williams test, which assumes a mono-
tonic increasing effect with increasing exposure dose (Williams
1972). The Williams tests were performed with the Community
Analysis computer program, version 4.3.05, using a significance
level of 0.05 (Hommen et al. 1994).

PRC was used to show the temporal changes in all the
biological and chemical parameters influenced by CTS rates
in comparison with the control soil (without CTS) into one
diagram (i.e., reduce the effects of all treatments at all years on

all properties into one dimension) and also to assess the affin-
ity of each property to the indicated differences between the
treatments and the control. Monte Carlo permutation tests
were used to verify if the PRC diagrams are significant
through of the F test (Van den Brink and Ter Braak 1999).
After the first PRC, a second PRC was built using the remain-
ing variance, which was also evaluated on its significance.
The effects of treatments on the biological and chemical
parameters were evaluated through Monte Carlo permutation
tests under the redundancy analysis option. For each sampling
year, Monte Carlo permutation tests were performed by test-
ing the replicates of each treatment against those of the con-
trols, to evaluate the significance of each treatment in each
time. All multivariate analyses were performed using the
CANOCO 5 program (Ter Braak and Smilauer 2018).

Results and discussion

The chemical and biological parameters were positive and
negatively influenced by the long-term application of CTS,
respectively. All chemical variables increased significantly
due to the 10 yearly applications of CTS (Tables 1 and 2;
Table S1). Soil pH, K, Ca, TOC, P, and EC increased about
0.5, 2.5, 3, 4, 5, and 9 times after the application of 20 t/ha,

Table 3 Microbial biomass C

(mg C kg™' soil), N (mg N kg! CTS Microbial biomass C Microbial biomass N Microbial biomass C:N
soil), and the microbial C:N ratio
in soil after 10 years of CTS (t/ha) 10th year Year 1-9 10th year Year 1-9 10th year Year 1-9
application as well as the
preceding years (year 1-9) 0 124 138 25 30 5.9 5.2
2.5 108 135 19 27 5.2 5.1
5 88 124 16 22 5.4 49
10 71 121 12 23 5.9 53
20 73 104 11 18 6.3 5.9
NOEC 0 20; 105 5; 2.5 25 5,250 20 20;10; 5;2.5;0

A more detailed overview on the NOECs at the different years is referred to Table S2
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Table 4 Dehydrogenase activity (mg TTF g soil) and hydrolysis of
fluorescein diacetate (mg FDA g soil) in soil after 10 years of CTS
application as well as the preceding years (year 1-9)

CTS Dehydrogenase Fluorescein diacetate
(t/ha) 10th year Year 1-9 10th year Year 1-9
0 2.1 2.0° 20.3* 18.2°

25 1.6° 1.8 13.0° 17.4

5 0.5° 1.2° 12.6° 18.7°

10 0.4° 1.0° 11.4° 19.3

20 0.1° 0.7° 7.5° 12.6°
NOEC 0 2.5:0 0 20;5;0

A more detailed overview on the NOECs at the different years is referred
to Table S2

respectively. Markedly, the Cr concentration in the highest
treatment increased 50 times compared with the concentration
in the control.

The long-term application of CTS increased the values of
chemical parameters since this waste has a high organic matter
content and concentrations of chemical elements, mainly car-
bonates, hydroxides, and chromium. On the one hand, the
increase in the concentrations of K, Ca, TOC, and P is inter-
esting because these parameters improve the soil fertility and
increase the supply of nutrients to the plant (Cardoso et al.
2013). Indeed, the concentrations of K, Ca, TOC, and P are
considered high for sandy soils in Brazil (Novais et al. 2007).
On the other hand, the increase in the pH and Cr values can
negatively affect the soil and plants. For example, the high soil
pH values found in the treatments can decrease the availability
of some important plant nutrients, such as N, S, P, and
micronutrients (Havlin et al. 2004). According to Jensen and
Thomas (2010), most of the plant nutrients are optimally
available at a pH between 6 and 7, and this range is compatible
to plant root growth. However, most of the nutrients (especial-
ly micronutrients) tend to be less available when soil pH is
above 7.5. Regarding to Cr, the values increased significantly

over the 10 years, resulting from the high Cr content in CTS,
and it can negatively affect the soil biological properties
(Wyszkowska et al. 2001).

Indeed, MBC and MBN decreased after the application of
CTS (Table 3; Table S2). In the 10th year, the highest values
of MBC and MBN were found in unamended soils, while the
lowest values were found in the treatments with application of
10 and 20 t/ha CTS. In the years 0 through 9, the highest
values of MBC and MBN were found in the control soils
and the lowest CTS treatment, while the lowest values were
found in the highest CTS treatment. Interestingly, the
MBC:MBN ratio did not vary between treatments after 10
years of CTS application.

These results show that the long-term use of CTS increases
the soil pH (38%), the EC (1456%), and the Cr concentration
(5054%), which may have negatively influenced the soil mi-
crobial biomass. Soil MBC and MBN decreased about 25 and
40%, respectively, in the highest CTS treatment. Previous
studies have reported increases in soil pH (43%; Sawada
et al. 2009), electric conductivity (100%; Elmajdoub and
Marschner 2015), and Cr (5000%; Sousa et al. 2017) promot-
ing decreases of soil microbial biomass. Soil pH controls mi-
crobial mechanisms of C accumulation and the increase in soil
pH leads to C loss by microbial biomass (Malik et al. 2018),
while high EC promotes an influx of salty water and decreases
the content of soil microbial biomass (Rietz and Haynes
2003). As the main chemical element increased markedly in
the treatment with CTS, Cr may have contributed to the de-
crease of soil microbial biomass due to the oxidative damage it
causes to microbes (Ackerley et al. 2006). The results also
showed that, although soil microbial biomass decreased with
increasing CTS treatments, the microbial C:N ratios did not
vary, which can indicate that the long-term application of CTS
does not influence the stoichiometry of soil microbial biomass.
This finding is important as any change in stoichiometry of soil
microbial biomass, due to the soil disturbance, could promote
significant impacts on N cycling (Zhaolei et al. 2019).

Similarly, the activity of enzymes decreased after the ap-
plication of CTS (Table 4; Table S2). On the 10th year of

Table 5 Soil basal respiration

(mg CO, kg™ soil), MBC/TOC CTS Soil basal respiration MBC/TOC BR/MBC
(%), and BR/MBC (mg CO, kg™!
MBC) in soil after 10 years of (t/ha) 10th year Year 1-9 10th year Year 1-9 10th year Year 1-9
CTS application
0 36.2 43.1 1.8 1.4 0.29 0.31
2.5 42.5 46.4 0.4 0.7 0.39 0.43
5 43.7 47.8 0.3 0.5 0.49 0.48
10 46.7 48.9 0.1 04 0.66 0.55
20 50.5 553 0.1 0.3 0.69 0.61
NOEC 0 20; 105 5;2.5;0 0 0;2.5 0 20;10; 5;2.5; 0

A more detailed overview on the NOECs at the different years is referred to Table S2

@ Springer
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Fig. 1 First (a) and second (b) principal response curves indicating the
effects of composted tannery sludge on soil chemical and microbial
properties. Of all variance, 27% could be attributed to sampling date;
this is displayed on the horizontal axis. 61% percent of all variance
could be attributed to treatment, the remaining variance (12%) is
between replicate variations. Of the treatment variance, 73% is
displayed on the vertical axis of the first PRC (a), and another 10% on
the vertical axis of the second PRC (b). The lines represent the course of
the treatment levels in time. The species weight (by) can be interpreted as
the affinity of the properties with the principal response curves (cg(). The
treatment explained a significant part of the total variance, of which also a
significant part is displayed in the first and second PRC (p = 0.002, Monte
Carlo permutation test with permuting whole time series only). The third
and fourth PRC did not show significant variation, displaying 7and 3%,
respectively (p < 0.005). They are left out from the interpretation for
clarity as they do not display a large portion of the overall variation

application, the highest values of enzymes were found in the
control, unamended soils. The values of dehydrogenase were
lower in the 10 and 20 t/ha CTS treatments, while the hydro-
lysis of FDA decreased in the highest CTS treatment. In the
accumulative years, the highest value of dehydrogenase was

found in control soil, while the values of FDA did not vary up
to 10 t ha' CTS. On the 10th year, the lowest values of en-
zymes were found in the highest CTS treatment.
Dehydrogenase and FDA are indicators of microbial activity
(Salazar et al. 2011) and highly sensitive to high soil pH,
salinity, and Cr concentrations (Brzezinska et al. 2001;
Mahajan et al. 2015). For example, Brzezinska et al. (2001)
found the pH range of 6.6 to 7.2 as suitable for higher dehy-
drogenase activity. Increases in salinity will increase the os-
motic stress on soil microorganisms (Frankenbeger and
Bingham 1982). Thus, Mahajan et al. (2015) found a signifi-
cant decrease in the activity of enzymes, such as dehydroge-
nase, when the EC was higher than 2.0 dS m™". In our study,
the highest CTS rate increased the EC to values of 2.45 dS
m~" which explains the decrease in the enzyme activities. The
excess of Cr in soil can disturb the homeostatic metabolism of
microorganisms which negatively affects the enzymatic activ-
ity (Wolinska and Stepniewska 2012).

In contrast to soil microbial biomass, basal respiration and
BR/MBC increased after the applications of CTS (Table 5;
Table S2), and the highest values of these parameters were
found in the highest CTS treatment. The values of MBC/TOC
decreased after the applications of CTS, as compared with
control soil (Table 5). The highest MBC/TOC ratio was ob-
served in the control soils, while the values did not differ
between CTS treatments.

Although higher basal respiration indicates an increased
biological activity, the concomitant increase in BR/MBC
means that this respiration is produced by the losses of C from
microbial biomass. Thus, these results indicate that CTS neg-
atively affected the soil microbial biomass and promoted C
losses through respiration. Previous studies have found in-
creases in BR/MBC after long-term application of metal-rich
wastes, such as municipal (Leita et al. 1999) and industrial
wastes (Boechat et al. 2012). For example, Leita et al.
(1999) assessed the long-term effects (12 years) of composted
municipal waste on soil biological parameters and found a
significant increase in the values of BR/MBC in soil with an
application of 1500 kg ha™' which added 2.9, 81.4, 30.7, 83.7,
and 129 mg kg{l of Cd, Cu, Ni, Pb, and Zn, respectively.

On the other hand, the lowest values of MBC/TOC in the
highest CTS treatment suggest that long-term applications of
CTS increase the instability of soil organic matter and, thus,
this fraction of the soil is more susceptible to losses. In addi-
tion, soils with higher values of MBC/TOC present better
quality (Kaschuk et al. 2010). Thus, our results suggest that
the application of CTS contributed for decreasing soil quality.

The PRC analysis indicated that CTS applied over 10 years
significantly influenced the chemical and biological parame-
ters (Fig. 1; Table S3), showing that the first and second PRC
were significant. The first PRC shows an increasing deviation
from the control in time for all treatments with increasing
differences with increasing CTS rates. Monte Carlo
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Fig. 2 Diagram of the long-term
effect of CTS application on soil
properties

Positive properties

N, P, S and micronutrients

Negative properties
High content of Cr, salts
and hydroxides

permutation tests show that all treatment-year combinations
are significantly different from their control except for the
lowest CTS treatment in year 1 (Table S3). MBC/TOC and
DHA had a positive weight with the diagram, Cr, K, pH, EC,
Ca, P, and TOC had a negative weight, while the remaining
parameters had a low weight. The second PRC makes a dis-
tinction between parameters which show a larger and smaller
response as indicated by the first PRC in the first few years.
For instance, MBC/TOC has a positive weight with both dia-
grams, so its real response is close to the sum of both PRCs
which results in a larger initial response than indicated in the
first PRC alone (see right upper quadrant in Fig. S1). BR/
MBC has a negative weight with the first PRC and a positive
with the second that resulted in a delayed increase of this
property compared with the response given in the first PRC
(see Fig. S1). Figure S1 shows the weight of all properties
with both PRCs with some of the resulting response patterns.
For instance, the indicated pattern of BR/MBC response is the
opposite of the one given in the lower right quadrant. By
including the second PRC, a more detailed categorization in
response patterns is obtained, where properties with a high
(positive or negative) weight in the first PRC show an increas-
ing difference to the control in time, while properties with
positive and negative weight in the first and second PRCs
(or vice versa), respectively, show a rapid difference with
the control but a stabilization of this difference after 5 years.
Properties with a positive or negative weight with both PRCs
show a large initial difference (Fig. S1). An exact combined
interpretation of the first and second PRC is referred to Van
den Brink and Ter Braak (1998).

The PRC analysis (two dimensional) has shown different
response patterns of chemical and biological parameters to the
different CTS treatments over 10 years (Fig. S1). The diagram
shows that TOC, pH, and K increased due to the 10 yearly
applications of CTS. In contrast, MBC, MBN, MBC/TOC,
and DHA decreased after the applications of CTS. Cr content,
BR/MBC, and MBC/MBN increased strongly up to 5 years
and then there was a slight increase between 5 and 10 years.

@ Springer

High content of organic C, :>
:> Increased Cr accumulation

Positive implications

Positive impacts

Increased TOC, pH and K ::> Chelation of Cr
Increased crop yield

Negative impacts Negative implications
Decreased soil quality
Increased Cr

accumulation in plants

Decreased MBC, MBN,
MBC/TOC and DHA

This PRC confirms a positive and direct effect of CTS on
TOC, pH, and K and negative effects on soil microbial bio-
mass and enzymes (Fig. 2). These results indicate that the
long-term application of CTS increases the status of soil or-
ganic matter and some chemical parameters significantly
(Oliveira et al. 2015) which may result in a consequent in-
crease in crop yield (Sousa et al. 2017). On the other hand,
the long-term application of CTS will promote the accumula-
tion of Cr in roots, shoots, and grains of cowpea to concentra-
tions above the limits proposed by Brazilian regulations
(Sousa et al. 2017). However, the increase and stabilization
of soil organic matter can contribute to the chelation of Cr,
making it less bioavailable (Oliveira et al. 2015). It could
explain why Cr content increased strongly up to 5 years and
slower after this period up to 10 years. On the other hand, the
observed decrease in soil microbial biomass and enzymes
contributes to a decreasing soil quality (Kaschuk et al. 2010).

Conclusion

This study showed the response of soil biological and chem-
ical properties to yearly applications of composted tannery
sludge for 10 years. The continuous and permanent applica-
tion of CTS negatively changed the microbial biomass while
positively influenced the chemical properties of the soil.
Regarding to chemical properties, the positive effects were
the increases of organic matter and some important chemical
elements, such as Ca, K, and P. However, the negative effects
were the increases in the soil pH and Cr concentration. In
addition, the application of CTS decreased the soil microbial
biomass and enzyme activity. This long-term study has shown
that, in a Cr-contaminated tannery sludge, composting is not
enough to detoxify the waste and its application brings impor-
tant issues regarding to soil and plant contamination by Cr.
Thus, this specific CTS cannot be indicated as suitable for
agricultural use in its current form. On the other hand, some
studies are being conducted to evaluate the use of microbes
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and plants in bio- and phytoremediation of CTS-contaminated
sites. In addition, further studies should be performed in order
to eliminate or lower the bioavailability of Cr from tannery
sludge before its processing by composting.
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