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Abstract Composting has been suggested as an efficient
method for tannery sludge recycling before its application to
the soil. However, the application of composted tannery
sludge (CTS) should be monitored to evaluate its effect on
the chemical and microbial properties of soil. This study
evaluated the time-dependent effect of CTS on the chemical
and microbial properties of soil. CTS was applied at 0, 2.5,
5, 10, and 20 Mg ha! and the soil chemical and microbial
properties were evaluated at 0, 45, 75, 150, and 180 days.
Increased CTS rates increased the levels of Ca, Cr, and Mg.
While Soil pH, organic C, and P increased with the CTS
rates initially, this effect decreased over time. Soil microbial
biomass, respiration, metabolic quotient, and dehy-
drogenase increased with the application of CTS, but
decreased over time. Analysis of the Principal Response
Curve showed a significant effect of CTS rate on the che-
mical and microbial properties of the soil over time. The
weight of each variable indicated that all soil properties,
except f-glucosidase, dehydrogenase and microbial
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quotient, increased due to the CTS application. However,
the highest weights were found for Cr, pH, Ca, P, phos-
phatase and total organic C. The application of CTS in the
soil changed the chemical and microbial properties over
time, indicating Cr, pH, Ca, phosphatase, and soil respira-
tion as the more responsive chemical and microbial vari-
ables by CTS application.

Keywords Ecotoxicology - Waste management * Soil
properties * Soil pollution

Introduction

Industrialization has increased the generation of solid
wastes in developed and developing countries (Singh et al.
2011). The main problem is that disposal of solid waste in
the environment leads to environmental pollution (Vergara
and Tchobanoglous 2012). To avoid or mitigate environ-
mental pollution, it is important to select appropriate alter-
native methods for solid waste management other than
landfilling (Araujo et al. 2010). Agricultural utilization of
solid wastes is one of the most promising and cost effective
options of disposal (Crecchio et al. 2004; Hargreaves et al.
2008; Araujo et al. 2010). In the tannery industry, a large
amount of solid waste is produced in the form of tannery
sludge (TS). However, TS contains organic matter and
some inorganic compounds, such as chromium (Cr), salts,
carbonates, and hydroxides (Araujo et al. 2015), which
means that it may be inappropriate for use in agriculture
unless treated. TS can be safe for agricultural purposes by a
process of detoxifying the contaminants present in the
sludge. Therefore, it is necessary to find suitable methods
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Table 1 Chemical attributes of

K Ca Mg Na S Cu Ni Cd Cr Pb

-1 1

the CTS used in the experiment pH Moisture  TOC N
H,0 %o
7.5 68 201 15
MLP* - - -

g kg mg kg™

49 29 121 72 491 10 16 23 19 1943 40

- — - - - 200 70 3 150 180

# Maximum limit permitted by Brazilian regulation (CONAMA 2009)

for TS recycling and detoxification before its application in
agriculture.

Among several methods available for TS detoxification,
composting has been reported as a useful and efficient
method (Santos et al. 2011; Silva et al. 2014; Araujo et al.
2015), and may help contribute towards the reduction of
solid waste disposal in the environment. The use of com-
posted solid waste is increasing in agricultural areas
(Madrid et al. 2007) since the compost can improve organic
matter content and fertility of the soil (Yuksel 2015).
Although the use of composted solid wastes with high
amounts of organic matter and some chemical elements,
such as P, K, and Ca, may improve soil fertility (Anikwe
and Nwobodo 2002), consecutive application of these
wastes may promote the accumulation of metals in soil and
cause soil pollution (Pérez et al. 2007). Additionally, the
process of composting is not totally efficient during
detoxification of TS, and the application of composted
tannery sludge (CTS) to the soil should be monitored to
mitigate possible negative effects on soil chemical and
microbial properties.

The chemical properties of soil are important indicators
of soil fertility as well as soil pollution. On the one hand, the
use of composted solid wastes with high amounts of organic
matter and some chemical elements, such as P, K, and Ca,
may improve soil fertility (Anikwe and Nwobodo 2002).
On the other hand, consecutive application of these wastes
may promote the accumulation of metals in soil and cause
soil pollution (Pérez et al. 2007). Similarly, the microbial
properties of soil are important as they regulate several
environmental processes in the ecosystem (Lavelle and
Spain 2001). Soil microorganisms, as the drivers of the
microbial processes, represent a large fraction of global
terrestrial biodiversity and act in many important soil pro-
cesses, including decomposition of organic matter and
nutrient cycling (Condron et al. 2010). Additionally, soil
microbial biomass and its biochemical processes, which are
mediated by enzymes, are early and sensitive indicators of
soil pollution after waste management (Santos et al. 2011;
Silva et al. 2014, Patel and Patra 2014).

Currently, the response of the chemical and microbial
properties of soil to composted solid waste is unclear and
can vary with the type of waste applied (Ahlberg et al.
2006; Roca-Perez et al. 2009; Araujo et al. 2015). The use

of composted solid waste can improve the chemical prop-
erties of the soil, but can also increase the accumulation of
metals (Garcia-Gil et al. 2000; Roca-Perez et al. 2009).
Microbial properties of soil have also shown both positive
and negative responses to compost application (Crecchio
et al. 2004; Ros et al. 2006; Pérez et al. 2007; Scherer et al.
2011), which are influenced by differences in the compo-
sition of the compost, mainly its content of inorganic
compounds, such as metals. Also, studies on the time-
dependent effect of tannery sludge have focused on the
untreated waste and, therefore, it is still unclear what the
effect of composted tannery sludge is on chemical and
microbial properties.

As composted tannery sludge contains a high content of
organic matter, chromium, salts, carbonates, and hydro-
xides, its consecutive application, in long-term, could
change both the chemical and microbial properties of the
soil. Our hypothesis was that the application of CTS will, in
the long term, change the chemical properties of the soil and
influence the soil microbial properties over time. Therefore,
the aim of this study was to evaluate the time-dependent
effect of CTS on the chemical and microbial properties of a
tropical soil.

Materials and methods

The experimental site is located at the Long-Term Experi-
mental Field of the Agricultural Science Center, Federal
University of Piaui, Piaui, Brazil. The soil of the area is
classified as a Fluvisol with the following composition at
0-20-cm depth: 10% clay, 28% silt, and 62% sand.

CTS was produced by mixing tannery sludge with
sugarcane straw and cattle manure (ratio 1:3:1; v:v:v) and
the composting was performed using the aerated-pile
method for 90 days. The physicochemical characteristics
of CTS (Table 1) were evaluated at the end of the com-
posting process. The water content was determined after
oven drying the samples at 105 °C for 24 h, the pH was
directly read, and total solids were measured by drying the
samples at 65 °C (APHA 2005). The total organic C content
was evaluated by dichromate oxidation of the samples
under external heating (Nelson and Sommers 1996). The
total N content was determined using the Kjeldahl method
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after sulphuric acid digestion of the samples (Bremner
1996). The total Ca, Mg, K, P, S, Na, Zn, Cu, Cd, Pb, Ni,
and Cr concentrations were determined by atomic absorp-
tion spectrophotometry after nitric acid digestion of the
samples in a microwave oven (USEPA 1996).

The experiment started in 2009 with annual application
of CTS at five rates: 0 (without CTS application), 2.5, 5, 10,
and 20 Mg ha~' of CTS (dry basis). From 2009 to 2014,
cowpea was cultivated annually in a completely randomized
design with four replicates. Plots are 20 m” each, with 12 m?
of usable area for soil and plant sampling, and rows are
spaced 1.0 m apart. In the 7th year (2015), CTS was applied
10 days before maize (Zea mays L.) AG 1051 sowing. The
CTS was spread on the soil surface and incorporated into
the 20-cm layer with a harrow. Maize was grown at a
density of 5 plants m ™' (approximately 62,000 plants ha™")
for 75 days. After this period, cowpea [Vigna unguiculata
(L.) Walp.], cv. BRS Tumucumaque, was sowed at the
density of 6 plants m~' (approximately 120,000 plants
ha™') for 68 days. The plants were grown under rainfed
conditions. The timeline of the experiment is shown in
Fig. 1.

In order to measure the time-dependent effect of CTS on
soil chemical and microbial properties, soil samples were
collected from January to June, 2015, from each plot at 0,
45,75 (during maize growth), 150 and 180 (during cowpea
growth) days after CTS application. For soil sampling, four
soil samples were collected in each plot (0-20 cm), sieved
(2-mm), and stored at 4 °C prior to analysis. Before the
analysis, the soil was pre-incubated for 7 days with a
moisture content adjusted to 60—70% of the water-holding
capacity to equilibrate the physiological activity of soil
microbial biomass (Brookes and Joergensen 2006).

The C levels of the soil microbial biomass (MBC) were
determined by the microwave irradiation extraction method

35 80

30 70

WALAYE

50

. Rainfall

25 <«—— Average daily temperature

=

<> Accumulated water input
—> PET
\ v \Y \Y \
656.0 mm 670.0 mm |
Maize cultivation

Temperature (° C)

Cowpea 30
cultivation

PET and Rainfall (mm)

.

Days after CTS application
v CTS application v Soil sampling
Fig. 1 Timeline of the experiment (climatic data, CTS application, soil
sampling, maize and cowpea cultivation, input of water). PET poten-
tial evapotranspiration
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(Islam and Weil 1998; Ferreira et al. 1999). Briefly, 25 g
fresh soil were irradiated for 2 min. in a microwave. The
remaining 25 g fresh soil were non-irradiated and treated as
control. Irradiated and non-irradiated soils were extracted
with 100 mL 0.5 mol L ™! K>SOy (soil:extractant = 1:4) and
shaken for 30 min on a shaker. An extraction efficiency
coefficient of 0.21 was used to convert the difference in
soluble C between irradiated and non-irradiated soils in
MBC. Soil respiration (SR) was monitored with a daily
measurement of CO, evolution under aerobic incubation at
25 °C for 7 days (Alef and Nannipieri 1995). The metabolic
quotient (qCO,) was calculated from the ratio between SR
and MBC and is expressed as mg CO, kg~' MBC day '
(Anderson and Domsch 1993). The microbial quotient
(gqmic) was calculated as the ratio of MBC to total organic
carbon, expressed as percentage (%). Dehydrogenase
(DHA) activity was determined according to Casida et al.
(1965), based on the spectrophotometric analysis of tri-
phenyl tetrazolium formazan released by 5 g of soil after
24 h of incubation at 35 °C. Phosphatase (PHO) activity
involved the colorimetric estimation of the p-nitrophenol
released after 1h of incubation at 37 °C (Tabatabai and
Bremner 1969). B-glucosidase (GLY) activity was measured
according to the method described by Eivazi and Tabatabai
(1988).

The soil samples for chemical analysis were air dried and
sieved (2-mm). Soil pH, exchangeable Ca’*, Mg2+, K" and
Na*t, and the available P were estimated according to
EMBRAPA (1997). Soil electric conductivity (EC) was
evaluated in water (1:2; v:v) according to the method
described by Richards (1954). Total organic C (TOC) was
determined by wet combustion using a mixture of 5 mL of
0.167 mol L™ potassium dichromate and 7.5 mL of con-
centrated sulfuric acid under heating (170 °C for 30 min)
(Yeomans and Bremner 1988).

Microbiological data were evaluated with univariate
statistical analysis (ANOVA), considering the CTS rates,
sampling time and the interactions, through R software (R
Core Team 2016). For this analysis, SR data were converted
into Log (X).

We used Principal Response Curve (PRC) (Van den
Brink and Ter Braak 1998, 1999) to evaluate temporal
changes in microbiological and chemical properties caused
by different doses of CTS as compared with those in the
control (CTS-free soil), and also to quantify the contribution
of each property to separate the treatments from the control.
The PRC method is a multivariate technique based on the
redundancy analysis ordination technique and was per-
formed using CANOCO (version 5) (Ter Braak and Smi-
lauer 2012). The PRC diagram shows the difference in the
composition of the microbiological and chemical properties
of the treatments compared to the controls as they develop
over time. This technique was specifically developed for
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analyzing microcosm experiment data (Van den Brink and
Ter Braak 1998, 1999). The results of the PRC analysis can
also be evaluated in terms of the fraction of the variance,
that is explained by the factors’ time and treatment. Only the
fraction that is explained by treatment is shown in the PRC
diagram. To assess the statistical significance of the effects
of the treatments on the composition of the microbiological
and chemical properties a Monte Carlo permutation test was
performed together with the redundancy analysis. Monte
Carlo permutation of the plots was used to test the sig-
nificance of the PRC diagram in terms of displayed treat-
ment variance, by using an F type test statistically based on
the eigenvalue of the component (Van den Brink and Ter
Braak 1999). For each sampling day Monte Carlo permu-
tation tests were conducted by testing the replicates of each
treatment against those of the controls separately, to access
the significance of the treatment effects for each sample
date. Within all analyses, the values of the microbiological
and chemical properties were centered and standardized.

Results
Soil chemical properties

CTS rates and sampling times had a significant influence on
the chemical properties of the soil, except the K content.
Only the pH values were significantly influenced by the
interaction between CTS rates and sampling time (Table 2).
The average of chemical properties in unamended soil (0
Mg hafl) and in amended soil with CTS (2.5, 5, 10, and 20
Mgha ') are shown in Table S1. Soil pH increased with
increasing CTS rates (Fig. 2a), and the values were

Table 2 ANOVA of the effect of CTS rates (0, 2.5, 5, 10 and 20 Mg
ha_l) and sampling time (0, 45, 75, 150, and 180 days) on soil
chemical properties

Chemical F-values
attributes
CTS rate sampling time ~ CTS dose x
sampling time
pH 204.711%*  50.392%* 2.022%
EC 6.339%% 44.685%* 0.572
TOC 7.927%% 20.543%%* 1.069
P 12.596%* 22.939%%* 0.0003
Ca 15.054%* 14.720%* 1.470
Cr 299.69%%* 6.63%%* 15.87%%*
K 0.448 52.502%%* 0.908
Mg 4.755% 16.301** 0.631
Na 3.538%* 36.180** 0.690

EC electrical conductivity, TOC total organic carbon
*P <0.05, **P <0.01

significant at the highest rates of CTS. The EC values
showed a similar pattern than those observed for pH over
time (Fig. 2b), but significant effects of CTS rates were only
observed at 45 and 75 days. TOC and P content increased
with increasing CTS rates, showing the highest values in the
application 20 Mg ha™' CTS. However, the results show a
decrease in TOC and P at the end of experiment (Fig. 2c, d).
The values of Ca, Cr, and Mg increased significantly with
the CTS rates (Fig. 3). Over time, Ca and Mg did not vary
(Fig. 3a, c), while Cr decreased significantly between 45
and 70 days at the highest CTS rate (Fig. 3b). The values of
Na increased between 0 and 45 days and then did not vary
over time (Fig. 3d).

Soil microbial properties

CTS rates, sampling time and their interaction had a sig-
nificant influence on soil microbial properties, except for the
CTS rates on the p-glucosidase activity, and the interaction
of CTS and sampling time on dehydrogenase activity
(Table 3). The average of microbial properties in una-
mended soil (0 Mg ha') and in amended soil with CTS
(2.5, 5, 10, and 20 Mg hafl) are shown in Table S2.

Initially, soil MBC increased with the application of CTS
and this increase varied between 45 and 75 days (Fig. 4a).
Therefore, the results showed that in the low rate treatments
(2.5 and 5Mgha™") the MBC increased up to 75 days,
while in the high rate treatments (10 and 20 Mg ha_l) the
values of MBC increased up to 45 days. Afterward, the
values of MBC decreased showing the largest decrease at
10 and 20Mgha ' CTS. Soil respiration showed similar
pattern found for MBC over time (Fig. 4b). However, the
values showed lower variation in the treatments with 0, 2.5
and 5Mgha ™' than in the 10 and 20 Mgha~' CTS.

The values of qCO, increased significantly in the plots
that received the application of CTS (Fig. 4c); however, the
greatest increase was found in soil amended with 20 Mg
ha~' CTS. In contrast, the values of gmic presented similar
pattern those observed for MBC, showing an increase up to
75 days, in low CTS rates (2.5 and 5 Mg ha™'); in high rates
(10 and 20 Mgha™') the values increased up to 45 days
(Fig. 4d).

The results of the enzyme activity assays showed a dif-
ferent trend. Considering the pattern of responses over time,
B-glucosidase and phosphatase were higher showed an
increase up to 45 days, while dehydrogenase increased up to
75 days after CTS application (Fig. 5). However, phos-
phatase increased while dehydrogenase decreased as a result
of the CTS treatments. B-glucosidase did not respond to the
CTS rates (Fig. 5, Table 3).
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and in amended soil with CTS (2.5, 5, 10, and 20 Mgha™") during 180 days. Bars indicate the standard deviation

Time-dependent effect of CTS on soil properties

The PRC analysis showed a significant effect (P < 0.001) of
CTS rate on the chemical and microbial properties of the
soil over time (Fig. 6). Of the variance, 39% could be
attributed to sampling date; this is displayed on the hor-
izontal axis. Treatment contributed to 40% of the variance,
and the remaining variance (21%) was between-replicate
variation. Of the treatment variance, 76% is displayed on
the vertical axis of the first PRC (Fig. 6). The second PRC
only explained 7% and is, therefore, not shown. The weight
(by) of each variable indicated that all soil properties, except
B-glucosidase, dehydrogenase and microbial quotient,
increased due to the CTS application. However, the highest
weights (by) were found for Cr, pH, Ca, P, PHO and TOC,
indicating that these properties were the most responsive to
CTS application. The results also showed that, over time,
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the treatments were significantly different from the controls
(Monte Carlo permutation tests, P = 0.023).

Discussion

The application of CTS changed the chemical properties of
the soil due to the chemical composition of the CTS, which
had high pH, organic C, Ca, Na, and Cr contents (Table 1).
Our results show that the chemical properties increased with
CTS rates at time zero, and can be attributed to consecutive
application of CTS over the seven-year experimental per-
iod. Generally, the application of CTS increased the organic
matter and the nutrient content of the soil, including P, Ca,
and Mg. Thus, CTS application was important for
improving soil fertility and plant growth. However,
increases in soil pH, salinity, and Cr accumulation can
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Table 3 ANOVA of the effect of CTS rates (0, 2.5, 5, 10 and 20 Mg
hafl) and sampling time (0, 45, 75, 150, and 180 days) on soil
microbial properties

Microbial attributes F-values

CTS rate  sampling time CTS dose x

sampling time

Microbial biomass C =~ 3.814* 75.249%* 4.312%*
Soil respiration 62.841%*  96.309%** 10.881%**
Metabolic quotient 4.956* 47.807** 4.531%*
Microbial quotient 3.486%* 28.833%%* 1.907%*
Dehydrogenase 13.512%*  85.397%%* 1.618
activity
Phosphatase activity ~ 78.673**  97.061%* 2.577%*
B-glucosidase 3.251 823.868%* 3.618%*

activity

*P <0.05, ##P <0.01

negatively influence the microbial properties of soil (Ben
Achiba et al. 2009). Despite CTS increasing the chemical
properties of the soil, the values of the chemical properties
generally decreased over time, which can be explained by
the following: (a) the pH level of the soil decreased due to
the release of H™ from plants roots during their growth; (b)
total organic C decreased due to the utilization of C by soil
microbes during the experiment, as soil microorganisms use
organic matter as C and an energy source, and; (c) P, Ca,
and Mg decreased due to the uptake of these elements
during the growth of maize and cowpea (Sousa 2016; data
not shown).

Similar findings were found by Adjia et al. (2008) who
evaluated the long-term effect of municipal solid waste on
the chemical properties of soil and observed a decrease in
the chemical parameters over time. Interestingly, there was
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a significant drop at the highest CTS rate in Cr concentra-
tion between day 45 and 70, and it probably occurred due to
the rain event during this period which could have con-
tributed to Cr percolating deeper into the soil, increasing the
risk to contaminate the ground water.

The microbial properties of soil are a suitable and sen-
sitive index for evaluation of soil disturbance after organic
inputs (Ros et al. 2006) and waste application (Araujo et al.
2010). Here, we found that the response of the microbial
properties of the soil to CTS application was dependent on
the rate and time of exposure to the waste. Generally, the
values of the microbial properties of soil increased at time
zero for nearly 2 months and decreased after this time. This
indicates that CTS rapidly stimulated the soil microbial
properties due to the input of nutrients. Previously, Santos
et al. (2011) showed in a laboratory experiment that both
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application rates of CTS and sampling time influenced soil
microbial biomass and activity in a pattern similar to our
findings under field conditions.

The short increase in soil microbial biomass and
respiration after CTS application could be a response to the
high input of fresh organic matter and nutrients in the CTS,
which contributed to the growth and activity of the soil
microorganisms (Selivanovskaya and Latypova 2006). In
addition, the raw material used during the composting, such
as sugarcane, straw and cattle manure, may have con-
tributed additional C for increased soil microbial biomass
and activity. Previous studies have shown that the appli-
cation of organic waste, such as sewage (Ahlberg et al.
2006) and tannery sludge (Giacometti et al. 2012), can
effectively increase soil microbial biomass. Here, the soil
microbial biomass decreased 45 days (10 and 20 Mgha™")
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and 75 days (2.5 and 5Mgha™') after CTS application,
which may be a result of the decomposition of organic C
during these periods; consequently, the extra C and energy
sources for soil microbial biomass decreased.

In our study, Cr was found to be an important chemical
property that can be influenced the soil microbial biomass.
The values of Cr found at the highest CTS rate (20 Mg
ha~') were higher than the maximum limit permitted by
Brazilian regulation (150 mgCrkg™'). Although the Cr
concentrations found at the highest CTS rates were sig-
nificantly higher at 0 and 45 days, soil microbial biomass
was also higher in this period, decreasing after 150 to
180 days. Therefore, the threshold of Cr concentration on
microbial biomass may be higher than those permitted by
Brazilian regulation. Our results disagree with Onweremadu

and Nwufo (2009), which found a significant reduction of
microbial biomass (41%) in soil with 100 mg Crkg ™", and
suggested this concentration of Cr is inhibitory to accu-
mulation of microbial biomass C. However, Cr must be
bioavailable in soil to influence microbial biomass (Zeng
et al. 2011). The bioavailability of Cr is controlled by
adsorption characteristic of soils and it is associated with
soil properties, mainly organic matter content (Krishnamurti
et al. 1999). Here, the higher organic matter found in soils
with application of CTS, mainly from O to 45 days, could
have contributed to a reduction in the Cr bioavailability and
helped maintain the microbial biomass.

This response of soil microbial biomass affected the
microbial quotient (i.e., microbial biomass per unit of
TOC), especially in the highly Cr-contaminated soil that
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Fig. 6 Principal response curves diagram indicating the effects of the
composted tannery sludge (CTS) into the soil on different soil para-
meters. The lines represent the course of the treatment levels in time.
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the Principal Response Curves (cq). Cr chromium, pH soil pH, Ca
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was receiving CTS application in high rates. In fact, as
shown in the results (Fig. 3d), the values of qmic decreased
and were lower than 2% at the highest CTS rates when Cr
would be more available in the soil (between 150 and
180 days). This result agrees with Shi et al. (2002) who
found gmic lower than 2% in Cr-contaminated soils.

In contrast, soil qCO, increased over time with CTS
application and it is associated with an elevation in soil
respiration and a reduction of soil microbial biomass (i.e.,
an indication of soil disturbance) (Wardle and Ghani 1995);
this may occur when soil microbial biomass is under an
unfavorable condition, such as metal-contaminated soil, and
does not have the ability to physiologically cope with the
stressor (Odum 1985). Specifically, a high Cr concentration
may exert a higher level of stress on soil microorganisms
because the microbes have a low number of resistance
genes to Cr (Sheik et al. 2012). Thus, these results confirm
that Cr markedly reduced the physiological ability of soil
microorganisms to grow, as also reported by Sheik et al.
(2012), who studied the effect of Cr, from tannery sludge,
on soil microbial communities.

The response of soil enzymes to soil pollution depends
on the type of contaminant and concentration. For example,
metals can inhibit the soil enzymes by interacting with
enzyme- substrate complexes, denaturing the enzyme pro-
tein and interacting with its active sites (Huang et al. 2009).
Also, soil enzymes exhibit a variety of responses according
to their nature and characteristics. Our results showed a
strong decrease in dehydrogenase activity in both una-
mended and amended soils with CTS over time. Dehy-
drogenase is an enzyme that only exists within living cells
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(Dick 1994) and factors influencing active microbial bio-
mass can affect the dehydrogenase activity. These results
may be explained by the reduction in soil microbial biomass
over time, which contributed to the inhibition of dehy-
drogenase activity. The reduction of dehydrogenase activity
in the unamended soil is associated with the decrease in C
sources to microbial biomass and also the activity of the
enzyme. Considering the amended soil with CTS, the
accumulation of Cr influenced dehydrogenase activity as
this enzyme is highly sensitive to Cr contamination (Huang
et al. 2009). Similar findings by Wyszkowska (2002)
showed that at 150 mg Crkg ™' of soil there was a nearly
complete inhibition of the dehydrogenase activity.

p-glucosidase and phosphatase are extracellular hydro-
lytic enzymes related to soil C and P cycle (Gil-Sotres et al.
2005). Therefore, the levels of C and P in the soil contribute
to the B-glucosidase and phosphatase activities. We found a
decrease in P-glucosidase activity during the last two time
points, possibly due to the decrease in organic C content in
all treatments. Soil microbes are able to produce and release
large amounts of phosphatase (Tarafdar and Claassen 1988)
and a decrease in microbial biomass would have a negative
influence on phosphatase activity. Our results showed that
increasing CTS concentrations increased phosphatase
activity, probably in response to an increased availability of
fresh substrates in the soil. This response has also been
reported in previous studies where increases in phosphatase
activity after application of composted solid wastes were
observed (Vinhal-Freitas et al. 2010; Lakhdar et al. 2010).
The decrease in phosphatase activity observed after 45 days
was likely due to the reduction in soil microbial biomass in
both unamended and amended soils.

The PRC analysis showed the influence of CTS appli-
cation on the soil properties over time, and showed a
positive correlation between the CTS rate and the response
of the chemical and microbial properties of the soil. CTS
application promoted different effects on the chemical and
microbial properties, thereby changing the functioning of
the soil ecosystem. In the PRC analysis, the weight (by) of
each variable was used to find the more responsive and
affected variables after CTS application over time. The
results indicated that Cr, pH, Ca, P, PHO and TOC were the
most responsive properties to CTS application. Particularly,
it confirms that CTS, due to its chemical composition,
influences the accumulation of Cr, the increase in soil pH,
Ca, P and organic matter content. Although the increase in
Cr accumulation could be harmful to soil microbial prop-
erties as discussed above, the application of CTS can supply
additional nutrients, increase soil pH, and improve the status
of soil organic matter. The increase in soil pH and organic
matter content is important to reduce the availability and
mobility of Cr (Zeng et al. 2011). Also, the increase in the
levels of organic matter improves the chemical and physical
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properties of the soil, and it is important for the plant-
growing potential of the soil, particularly for sandy soils
(Gongalves et al. 2014). For soil microbial properties, the
PRC showed positive, negative or neutral responses to CTS
application. Therefore, CTS did not influence p-glucosi-
dase, but negatively affected dehydrogenase and microbial
quotient. However, phosphatase, soil respiration and
microbial biomass C were negatively affected by CTS over
time. Given the magnitude of weight of the variable, these
results indicate that phosphatase and soil respiration are the
most sensitive microbial indicators of CTS application to
the soil.

Our study showed that the long-term application of CTS
could increase soil fertility and organic matter content, so
improving soil quality. However, we also found a strong
increase in Cr content after the application of CTS, and a
slight increase in soil pH and salinity, which could have
negative effects on soil microbial properties. Therefore, the
application of CTS in agriculture should be carefully
planned according to its chemical composition. Soil prop-
erties, mainly organic matter content, and plant species
present should also be considered. Despite increasing the
growth of ornamental plants (Silva et al. 2010), cowpea
(Gongalves et al. 2014) and maize (Pinheiro et al. 2015), the
use of CTS on these plants can lead to accumulation of Cr
in the shoots and grains and, therefore, should not be used
on plants intended for consumption. However, because of
this accumulation, these plants may be useful in the
decontamination of Cr contaminated soils. We recommend
that, before composted tannery sludge can be used as a
fertilizer in agricultural soils, the treatment of the waste
produced during the industrial processing of tannery sludge
must be improved. In particular, a considerable reduction or
elimination of the high concentrations of chromium, sodium
and calcium would be necessary.

Conclusions

The application of CTS in the soil changed the chemical and
microbial properties over time. The most responsive che-
mical properties were Cr, pH, Ca, while for the microbial
properties, phosphatase and soil respiration were the most
responsive. CTS increased the organic matter content and
nutrients of the soil, improving soil fertility and plant
growth. However, the application of CTS resulted in the
accumulation of chromium in the soil. Despite an initial
positive affect of CTS on the soil microbial properties due
to the input of fresh organic matter, over time the microbial
properties were negatively affected as organic matter
decreased and Cr availability increased. This study indicates
that CTS could be applied at the lowest rates (2.5 and 5 Mg
ha™') with permanent monitoring of the chemical and

microbial properties of the soil, particularly soil microbial
biomass, Cr accumulation, alkalinity and salinity. Increas-
ing the organic matter content of the soil may also help to
reduce the availability of Cr and other metals.
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