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Abstract. Mexico is the world’s fourth most important maize
producer; hence, there is a need to maintain soil quality for
sustainable production in the upcoming years. Pumice min-
ing is a superficial operation that modifies large areas in cen-
tral Mexico. The main aim was to assess the present state
of agricultural soils differing in elapsed time since pumice
mining (0-15 years) in a representative area of the Calimaya
region in the State of Mexico. The study sites in 0, 1, 4, 10,
and 15 year old reclaimed soils were compared with an ad-
jacent undisturbed site. Our results indicate that gravimetric
moisture content, water hold capacity, bulk density, available
phosphorus, total nitrogen, soil organic carbon, microbial
biomass carbon and phosphatase and urease activity were
greatly impacted by disturbance. A general trend of recov-
ery towards the undisturbed condition with reclamation age
was found after disturbance, the recovery of soil total N be-
ing faster than soil organic C. The soil quality indicators were
selected using principal component analysis (PCA), correla-
tions and multiple linear regressions. The first three compo-
nents gathered explain 76.4 % of the total variability. The ob-
tained results revealed that the most appropriate indicators to
diagnose the quality of the soils were urease, available phos-
phorus and bulk density and minor total nitrogen. Accord-
ing to linear score analysis and the additive index, the soils
showed a recuperation starting from 4 years of pumice ex-
traction.

1 Introduction

Land degradation refers to a process induced by human ac-
tivities that cause the decrease in biological productivity or
biodiversity, as well as the current capacity and/or potential
to sustain human life (Oldeman, 1998). Land degradation and

desertification affect many regions of the world (Cerda et al.,
1999; Bai et al., 2013; 1zzo et al., 2013; Wang et al., 2013;
Yan and Cai, 2015) and there is a need to restore those areas
affected by land degradation processes (Guénon et al., 2013;
Ozcan et al., 2013; Kropfl et al., 2013; Li et al., 2013; Te-
jada and Benitez, 2014; Zucca et al., 2015). Soil degradation
can also interfere with normal nutrient cycling and habitat
quality, as well as hamper the latter’s natural buffering abil-
ity (Keesstra et al., 2012; Berendse et al., 2015; Brevik et
al., 2015). There are examples of studies in opencast coal
mines, magnesite mines and limestone mines (Raizada and
Juyal, 2012; Haigh et al., 2015; Martin-Moreno et al., 2013;
Milder et al., 2013; Pallavicini et al., 2015; Mukhopady and
Maiti, 2014; Wick et al., 2014), whilst there are few studies
on opencast pumicite mines.

Open pit mining has great economic importance in Mex-
ico; therefore, taking the volume of production of non-
metallic minerals as an indicator, the State of Mexico is the
largest producer of non-metallic minerals mainly extracted,
i.e., sand and gravel (Jimenez et al., 2006). In the agricultural
area of the Municipality of Calimaya highlands in the State
of Mexico, opencast mining is carried out. After extractive
operations in the pumice areas, agricultural use is continued,
although productivity declines while the landscape and soil
characteristics are substantially altered. These facts show the
need for suitable correction management actions to acceler-
ate the succession process and return of the degraded area
to an environmentally acceptable and productive condition
(Rogowski and Weinrich, 1987). Pumice is a volcanic rock
with trapped gas bubbles formed during volcanic eruptions
(Whitham and Sparks, 1986); it is made up of Si, Al, K, Na,
and Fe oxides, with a small percentage of Ca, Mg, Mn, and
Ti oxides (Liguori et al., 1984).
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The main causes of land degradation during mining opera-
tions are (1) removal of vegetation cover and topsoil, (2) ex-
cavation and dumping of overburden, (3) changes in the land-
scape (Mukhopadhyay et al., 2013), (4) disruption of surface
and subsurface hydrologic regimes, (5) transformation of fer-
tile cultivated land into wasteland and, in some cases, (6)
serious environmental pollution and ecological degradation,
which can lead to loss of biodiversity (Keskin and Makineci,
2009). Soil in mined sites is replaced by overburden, which
differs substantially from developed soils (Huggett, 1998;
Keskin and Makineci, 2009), with adverse properties such as
severe depletion of organic matter, erosion risk, toxicity, and
nutrient deficiency, which commonly reduce productivity in
post-mining landscapes (Sourkova et al., 2005).

In a post-mining landscape, the regeneration of the up-
permost soil layer, organ-mineral horizon, and soil biota is
necessary, which transforms organic matter (Frouz et al.,
2001). The accumulation of organic matter (OM) is critical
because it results in positive changes in physical and chem-
ical soil properties, such as water holding and sorption ca-
pacities, nutrient content and availability, soil bulk density,
and buffering capacity, and increases microbial biomass and
extractable carbon, microbial community structure and bio-
diversity. Moreover, OM is an energy source for the soil mi-
croorganisms, which drives decomposition and mineraliza-
tion of plant residues, thereby releasing nutrients (Sourkova
et al., 2005; Laudicina et al., 2015)

Soil quality included physical, chemical and biological
properties, as well as soil processes and their interactions.
The selection of some properties to assess soil quality is an
effective way. Some authors have used independent indica-
tors, while others preferred their combinations into models or
expressions in which various properties are involved; these
expressions are called indices (Graham and Haynes, 2004;
Hussain et al., 2008; Wick et al., 2014; Zornoza et al., 2015).
The establishment of multiparametric indices has been used
as an adequate tool for integrating greater information of soil
quality. It provides a more holistic measurement of soil qual-
ity (Brevik et al., 2015; Zhang et al., 2015). Several stud-
ies have generated indices from a data set using physical,
chemical and biological indicators. Organic carbon, micro-
bial biomass and enzyme activity have been widely used
to assess impact of change in land use and reclaimed soils
(Chodak and Niklinska, 2010).

Enzyme activity measurement is widely used to examine
nutrient cycling processes in soil (Nannipieri et al., 1990;
Tabatabai and Dick, 2002). Moreover, enzyme activities can
provide indications of quantitative changes in soil organic
matter and are usually related to the presence of viable mi-
croorganisms and their oxidative activities (Gianfreda et al.,
2005), which could be sensitive indicators of the effect of
land degradation on soil microbial activity. Soil hydrolyses
measurements provide an early indication of changes in soil
fertility, since they are related to the mineralization of im-
portant elements such as nitrogen, phosphorus and carbon,
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and may provide some insight into the metabolic capacity of
the soil (Shaw and Burns, 2006; Garcia-Orenes et al., 2010).
Urease plays an important role in soil nitrogen cycle because
it can hydrolyze urea, an important fertilizer in agricultural
systems to ammoniacal nitrogen (Sinsabaugh et al., 2000;
Caldwell, 2005). Catalase has a great effect on changing soil
redox, chemical properties of soil solution, and accelerating
transformation of organic matter (Wang et al., 2012). The
metabolic quotient estimates the activity and efficiency of
decomposition (or C use) by soil microbes (Anderson and
Domsch, 1990) and is a suitable indicator to provide evi-
dence of soil perturbation (Zornoza et al., 2015).

Little information exists about how mining affects soil in
cropland regions of the world and especially those of the
central highlands of Mexico. The present work aimed to as-
sess the changes produced in the agricultural soils differing
in elapsed time since pumice mining (0-15 years). With the
information from this study, we examine valuable indicators
of surface mine reclamation progress in opencast mines.

2 Materials and methods
2.1 Study site

This study was conducted in Calimaya, State of Mexico (cen-
tral Mexico; 19°13'25” N, 99°44'02” W), where the mean
annual temperature is 14 °C and the annual rainfall is 800 mm
(GEM, 2012). The dominant climate is subhumid with sum-
mer rains. Dominant soils are Andosols (IUSS Working
Group WRB, 2014). The main type of land use in the re-
gion is cropland based on maize. Cultivation techniques con-
sist of monoculture, crop residue removal, and the use of N
fertilizer, herbicides and pesticides. The change in use from
agricultural land to urban land caused a decline in cultivated
land from 7508 to 5350 ha between 2010 and 2011 (GEM,
2012). Following standard practice on surface mining sites,
the topsoil was stripped and stockpiled until mining opera-
tions were completed; stored soil was then spread on top of
overburden.

2.2 Sampling process

In February 2011, five mine sites, differing in elapsed time
since reclamation (0-15 years), of opencast pumice mine
soils in central Mexico were chosen on the basis of similarity
of aspect as well as proximity to one another and an adjacent
undisturbed site, for comparison, located about 2800-2950 m
above sea level. Treatments were considered as Sg, S1, Sa,
S10 and S15 with regard to the time since pumice mining took
place: 2 months, 1 year, 4 years, 10 years and 15 years, re-
spectively. We used a control treatment that was never mined,
considered as undisturbed soil (S). Pumice extraction can be
1 to several meters deep. In all areas immediately after the re-
moval maize crop was continued under seasonal conditions.

www.solid-earth.net/7/1/2016/
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The slopes of the sampling sites ranged from 25 to 30 %. The
pumice layer was located 30—180 cm deep.

Surface mining is one of the most complete forms of
human-caused habitat alteration and degradation. In this
case, mining eliminates vegetation, removes topsoil (30 cm)
and overburden by excavation, and changes topography and
geological structures permanently. The reclamation process
involved the return of topsoil after mining exploitation. These
new altered soils are called reclaimed mine soils, which have
a different year of agriculture use.

These sites had been continuously cultivated since recla-
mation of mine spoils; surface soil samples (0-15 cm depth)
were taken in February (during the dry season), June (onset
of the rainy season), and March 2012 (during the dry sea-
son), and stored at 4 °C for biochemical analyses. Soil sam-
ples were dried at room temperature and, afterwards, they
were passed through a 2 mm mesh sieve.

Sampling sites were selected considering the extraction
pumice times; the distance between them was 450 m and the
area 3 ha. The soil sampled from each field was pooled sepa-
rately. By systematic sampling at each site, a composite sam-
ple from 30 subsamples was collected from six treatments (S,
So, S1, S4, S10 and Sis).

2.3 Laboratory analysis

The following parameters were analyzed: gravimetric mois-
ture content (GMC), which was measured gravimetrically,
water holding capacity (WHC) according to Alef and Nan-
nipieri (1995), and soil bulk density (BD) as described by
Dominguez and Aguilera (1987). The soil pH and electri-
cal conductivity (CE) were determined in soil/water (1:2.5
w/v) (Thomas, 1996). Content of soil organic carbon (SOC)
was determined by the Walkley—Black method (Nelson and
Sommers, 1996), total nitrogen (TN) with Kjeldahl diges-
tion (Bremner, 1996), and available phosphorus by the Olsen
method.

Microbial biomass carbon (MBC) of soil samples was es-
timated by the chloroform fumigation and extraction method
(Vance et al., 1987). Basal respiration (BR) was estimated
by quantifying the carbon dioxide (CO3) released by micro-
bial respiration in 33 days of incubation at 25°C adjusted
to 40% water holding capacity (WHC). For this purpose,
25 g soil was filled into flasks, together with small flasks con-
taining 10 mL of 0.2 mol L~! NaOH, to capture the released
COy, and hermetically sealed. CO;, was determined by titra-
tion with 0.2mol L=1HCI, after precipitation of the barium
carbonate resulting from the addition of BaCl, to the NaOH
solution, using phenolphthalein diluted in 100 mL ethanol
(60 %, v/v) as an indicator (Alef and Nannipieri, 1995).

Catalase activity was measured by titrating the residual
H20, added to the soil and not degraded by catalase with
KMnOg4 (Johnson and Temple, 1964). Acid phosphatase ac-
tivity was measured by spectrophotometry (400 nm) of p-
nitrophenol released from 1.0g soil after a 60 min incuba-
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tion at 37 °C with a 0.025mol L~ p-nitrophenyl phosphate
substrate, in 4mL of 0.17 mol L~ MUB (universal buffer),
at pH 5 (Tabatabai and Bremmer, 1969). Urease activity was
determined as the amount of NHI released from 5.0 g soil af-
ter a 120 min incubation with a substrate of 0.2 mol L~ urea
at 37°C, 4.5mL of THAM (Tris buffer) (Alef and Nannip-
ieri, 1995). The metabolic quotient (¢CO>) was calculated as
the ratio of basal respiration to MBC (Anderson and Domsch,
1990).

2.4 Statistical analysis

An analysis of variance (ANOVA) and Tukey test at 95 %
confidence level were performed to detect significant differ-
ences in soil samples with different years of extraction of
pumice. Only those soil properties that showed significant
differences were selected to represent a minimum data set
(MDS). Significant variables were chosen for the principle
component analysis (PCA); the PCs with eigenvalues > 1 and
those that explained at least 5% of the variation in the data
were examined; the values of the variables were standard-
ized by subtracting their means and dividing by their stan-
dard deviations. When more than one factor was retained
under a single PC, multivariate correlation coefficients was
employed to determine whether the variables could be con-
sidered redundant and therefore eliminated from the MDS.
Well-correlated variables were considered redundant, and
only one was considered for the MDS. The rest were elimi-
nated from the data set. When all the indicators that were re-
tained in the MDS were regressed as independent variables,
with data on time extraction pumice as dependent variables,
the coefficient of determination (R?) with S, So, S1, Sa, S10
and S5 was calculated.

After determining the variables for the MDS, every obser-
vation of each MDS indicator was transformed for inclusion
in the soil quality index (SQI) methods by linear scoring. In-
dicators were ranked in ascending or descending order de-
pending on whether a higher value was considered “good”
or “bad” in terms of soil function. For “more is better” indi-
cators, each observation was divided by the highest observed
value such that the highest observed value received a score of
1. For “less is better” indicators, the lowest observed value
(in the numerator) was divided by each observation (in the
denominator) such that the lowest observed value received a
score of 1.

The additive index was a summation of the scores from
MDS indicators. From these summed scores, the additive
SQI treatment means, ANOVA and Tukey test were calcu-
lated (Andrew et al., 2002).

Solid Earth, 7, 1-9, 2016
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Table 1. Properties of soil samples with different years of extraction of pumice.

N So S1 S S10 S15
GMC (g x 100g~1) 2.81+0.17A 1.99+0.168C 2.16+0.158C 2.2940.16AB 1.55+0.08¢ 2.23+40.02AB
WHC (g x 100g~1) 35.78 +1.33A 30.33+40.338 31.22+0.648 31.33+40.93B 28.00 4 0.5B 31.2240.748
pH 1:2.5 (s0il : Hy0) 5.340.2A 58+0.1A 5.940.2A 59+40.2A 53+0.1° 55+0.1°
EC (dSm™1) 0.153+0.021A  0.154+0.007A  0.20140.039”  0.199+0.035%  0.274+.054"  0.283+0.047A
BD (gecm™—3) 1.05+0.02¢ 1.16+0.01B 1.16+0.01B 1.2040.01AB 1.25+0.02A 1.15+0.028
P (mgkg~1) 16.40+0.17¢ 16.57 +0.13¢ 17.98+0.21€ 17.47 +0.16¢ 22.01+047A  19.45+0.288
TN (g x 100g~1) 0.247+40.020"  0.096+0.007°C  0.11040.001C  0.133+0.0108C 0.176+0.0068  0.130 4 0.010€
soc 2.56+0.07A 1.07 4+0.09€ 1.13+0.08C 1.15+0.128¢ 1.54+0.058 1.17+0.138C
C/N 10.36° 11.15° 10.27A 8.65" 8.75" 9.00A
MBC 321.9+35.8° 175.5+57.28 200.4+22.0°B 2206424978  2239+342AB 2450 39.4AB
Phosphatase
(mmoles: PNPg—1h—1) 2.84+0.22A 2.07 +0.20AB 2.00+0.18AB 1.74+0.278 259402478 2714021A
Urease
(mmoles N-NH} g% h=1) 11.78 4 1.22A 7.78+0.958 10.11+0.87AB 9,67+ 0.99AB 833+ 11178 12.00+0.71A
Catalase
(mmoles HyOpconsumedg=2 h=1)  0.24140.033A  0.159+0.026"  0.178+0.031A  0.194+0.026"  0.219-+0.029”  0.240+0.029”
CO,
(mg C-COy kg~1s1) 1826.9+218.24  1451.2+156.1"A 15050+ 161.1" 1505.1+162.6" 1639+ 186.4"  1709.5+ 205.0"
gCO, 2.12+40.36" 3.3840.41° 2.68+0.29A 2.48+0.23A 3.24+0.44° 2.7040.28A

GMC: Gravimetric moisture content; WHC: water holding capacity; EC: electrical conductivity; BD: bulk density; P: available phosphorus; TN: total nitrogen; SOC: soil organic carbon; MBC: microbial
biomass C; CO5: respiratory activity; gCO,: metabolic quotient; S: undisturbed soils; Sp: recently mined; S1: 1 year old mined; S4: 4 year old mined; S19: 10 year old mined; S;5: 15 year old mined.

Mean + error standard. Different letters in the same column denote significant differences (p < 0.05).

Table 2. Principle component analysis (PCA) of soil quality indica-
tors of soil samples with different years of extraction of pumice.

PC1 PC2 PC3
Eigenvalue 3.6 1.7 1.6
% of variance 39.8 18.8 17.9
Cumulative % 39.8 58.6 76.4
MBC 0.381 -0.175 0.342
soC 0.403 —0.270 0.104
GMC 0.468 0.037 —0.060
BD —0.228 0.084 0.560
Phosphatase 0.212 0.482 0.273
P —-0.236 —0.134 0.570
WHC 0.376 0412 -0.172
TN 0.420 -0.161 0.321
Urease 0.066 —0.665 —0.164

MBC: microbial biomass C; SOC: soil organic carbon; GMC:
gravimetric moisture content; BD: bulk density; P: available
phosphorus; WHC: water holding capacity; TN: total nitrogen.

3 Results
3.1 Basic soil properties and biological parameters

Electrical conductivity, pH, ratio C /N, catalase, CO, and
qCO3 did not significantly differ between the soil samples
with different years of extraction of pumice (Table 1). Nev-
ertheless, the respiration rate was higher in undisturbed soils
than in soil post mining. On the other hand, the gCO, values
were higher in mine soils compared to the undisturbed soils
(Table 1).

Mean of gravimetric moisture content (GMC) and water
hold capacity (WHC) showed the next data respectively; S1g
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showed the significant lowest value for GMC, without signif-
icant differences with Sp and S1. The highest values for GMC
were shown by S, S4 and S15, with no significant differences
among them. WHC showed no significant differences among
mined soils, only the S soil being significantly higher than
the rest. No significant differences among treatments were
observed in pH and EC. BD showed the significantly low-
est value for S, with significant increments in mined soils.
The highest value was observed in Sig and S4. Available P
followed the increasing trend S = Sp = S1 = S4 < S15 < S1p.
SOC and TN showed a similar trend. There were no signif-
icant differences among So, S1, S4 and Si5, which showed
the lowest values. The highest values were observed in the S
treatment. MBC showed the highest value in S, which was
only significantly different than SO, which showed the low-
est value; in fact, MBC significantly decreased ~ 50 % in Sp
soil with regards to S. As a general pattern, enzyme activi-
ties increased with the time since the pumice mining was car-
ried out, with S soil showing the highest activities. The phos-
phatase showed the lowest significant activity in S4, with no
significant differences with Sp, S1 and S19. S15 and S showed
the highest values, without significant differences between
these two soils. Urease activity showed the highest values in
S and Sy0, which were only significantly different to Sp. The
catalase activity, CO, and the gCO, showed no significant
differences among treatments (Table 1).

3.2 Soil quality indicators

Soil responses to different elapsed times since reclamation
are presented in Table 1. A significant effect of time pumice
extraction was observed on nine variables: GMC, WHC,

www.solid-earth.net/7/1/2016/
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Table 3. Correlation matrix for highly weighted variables under PCs with high factor loading.

Variables

Soil organic carbon

GMC  Total nitrogen

PC1 variables
Pearson’s correlations

Soil organic carbon 1.000 0.487** 0.765**
GMC 0.487** 1.000 0.596**
Total nitrogen 0.765** 0.596™* 1.000
Correlation sums 2.252 2.083 2.361
PC2 variables
Urease Urease
1.000
PC3 variables
Bulk density Bulk density ~ Available P
1.000 0.475**
Available P 0.475** 1.000

GMC: gravimetric moisture content. ** p < 0.01

Table 4. Coefficient of determination and multiple regressions of the minimum data set (MDS) variables.

R2  Multiple regressions p value

S 0.759 TN=-1.08—0.01 urease +0.75 BD +0.04 P <0.10
0.830 urease=—66 —25.6 TN—22.6 BD+6.6 P <0.05

0.846 P=9.0+1.8TN+5.4BD+0.11 urease <0.05

0.780 BD=0.08+0.35 TN +0.06 P —0.004 urease <0.05

So 0.930 urease=-68.4—20.6BD +6.1P—18.4TN <0.01
0934 P=176-1.8BD+0.11urease+2.7 TN <0.01

0.819 BD=1.6-0.03 P —0.005 urease —0.06 TN <0.05

S1 0.873 urease=102.8—-62.5BD —0.53P —100.8 TN <0.05
0.883 BD=1.68—0.01urease —0.015P —1.26 TN <0.01

S10 0.893 urease=-76.8+323BD+1.7P+40.3TN <0.01
0.837 P=40.4—-143BD+0.47 urease —25.9 TN <0.05

0.753 BD=1.88—-0.03P+0.02 urease —0.36 TN <0.10

S5 0901 TN=-0.26+ 4.8X107° urease + 0.40 BD — 0.004 P <0.01
0.723 P =29.6 —0.25 urease —5.31 BD —8.25 TN <0.05

0.910 BD=1.18—-0.005 urease —0.011 P+1.85TN <0.01

TN: total nitrogen; P: available phosphorus; BD: bulk density; S: undisturbed soils; Sq: recently mined; Sq:
1 year old mined; S4: 4 year old mined; $10:10 year old mined; S15: 15 year old mined.

CBM, SOC, BD, phosphatase, P, TN and urease (p< 0.05).
These parameters were retained for PCA.

In the PCA of nine variables, the first three PCs had eigen-
value >1 and explained 76.4 % of the variance in the data
(Table 2). Highly weighted variables under PC1 included
GMC, SOC, and TN. A correlation matrix for the highly
weighted variables under different PCs was run separately
(Table 3). It was assumed that the variables having the high-
est correlation sum best represented the group. Among the
three variables in PC1, TN was chosen for the MDS because
of its highest correlation sum. The soil organic carbon had
the second lowest correlation sum, but was highly correlated
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with TN (r = 0.77), and hence it was dropped. The variable
with lowest correlation sum was GMC and it was retained for
MDS. Under PC2 and PC3 urease, bulk density and available
phosphorus were highly weighted; the three variables were
retained in MDS because of their relative importance in vol-
canic soils.

Multiple regressions (Table 4) revealed that urease, avail-
able phosphorus and bulk density significantly influenced all
time extraction goals (p< 0.05), while the effect of total ni-
trogen was significant only on Sis (p< 0.01). For S4, no mul-
tiple regression was significant (p> 0.10).
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Table 5. Comparison of treatment means and standard deviations (in parentheses) of measured indicator values with linear transformed
scores used for PCA and correlation analysis-chosen minimum data set (MDS) variables.

Bulk density ~ Total nitrogen  Urease Available phosphorus
S 0.79 (0.01) 0.72 (0.10) 0.65(0.2) 0.68(0.10)
So  0.87(0.05) 0.28 (0.08) 0.43(0.1) 0.78(0.08)
S1 0.87(0.02) 0.32(0.04) 0.56 (0.1) 0.68 (0.01)
Sq4  0.91(0.03) 0.39 (0.06) 0.53 (0.1) 0.81(0.01)
S10  0.95(0.03) 0.51 (0.06) 0.46 (0.1) 0.70 (0.10)
S15  0.86 (0.04) 0.38 (0.08) 0.66 (0.1)  0.83(0.03)

S: undisturbed soils; Sp: recently mined; Sq: 1 year old mined; S4: 4 year old mined; S19: 10 year

old mined; S15: 15 year old mined.

The linear score for the bulk density did not appear to be
justifiable environmentally, due to the exploitation of pumice
left uncovered. Deeper horizons and the value of the den-
sity showed an increase; for this reason, this value was elimi-
nated in the additive index. The high variability for TN, from
0.247 to 0.096g 100g~1, led to a score for the treatment
means ranging from 0.72 to 0.28, a range that was proba-
bly too broad (Table 5). Figure 1 shows the relative indicator
scores (the sum of the linear score obtained in Table 5 for
each variable); for the MDS scoring combinations of the ad-
ditive index, S received significantly higher SQI value and
did not show significance differences with S4, S19 and Sis,
whereas the soil with less time of extraction (Sp and S1) pre-
sented the lower values of SQI and was significantly different
(p<0.05) (Fig. 1).

4 Discussion

The loss of SOC and TN observed in soils post-pumice min-
ing is typical of major ecosystem disturbance (Kimble et al.,
2001). In these soils a loss of up to 60 % is observed. These
results are similar to the study by de Souza et al. (2013) and
Zhang et al. (2015) in forest soils. The quantity of organic
matter (C and N) and rates of microbial C mineralization to
CO» (respiration) were recovered with age in mining soil.
The depletion of SOC produces a decline in soil quality asso-
ciated with the reduction of available water capacity; about
15% is lost in soil post-pumice, nutrient concentration and
soil structure (Schwenke et al., 2000).

The recovery of MBC in these soils was faster than SOC.
This may indicate that the proportion of bio-available C in
15 year old soils has become similar to that of undisturbed
soils, but may also be the result of an increased availability
of TN (evidenced by lower C /N ratios in older soils) and
available P (as a result of fertilization). The MBC that was
greatly reduced from the undisturbed soil in the mine soil was
estimated to be an average of 46 % (Zhang et al., 2015). This
result indicated that the land degradation is associated with
a strong decrease in the SOC content, which decreased to
58 % in recently mine soils with respect to undisturbed soil.
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Figure 1. Additive soil quality index using linear scoring indica-
tors chosen by principal component analysis and correlation analy-
sis minimum data set (MDS) variables.

The soil basal respiration and gCO; in mine soil showed no
significant differences (p> 0.05); it can be explained by an
increase in the contents of SOC and nutrients, which would
enhance microbial activity (Emmerling et al., 2000; Yan et
al., 2003), and biomass cycling (Yang et al., 2012).

This establishes, as the MBC becomes more efficient in us-
ing the available resources, that less C is lost as CO; through
respiration (Garcia-Orenes et al., 2010). Soil microbial quo-
tients in several ecosystems have been found to increase im-
mediately post-disturbance and subsequently decline with
age (Insam and Domsch, 1988; Schipper et al., 2001; Gra-
ham and Haynes, 2004). This pattern of microbial quotient
has been interpreted as indicative of a decrease in C bio-
availability in the soil organic matter over time. The micro-
bial quotient of 0year old was higher than other mine soils,
and it tended to increase with age. The respiration rate per
unit of microbial biomass (respiratory quotient) is a variable
that can be interpreted more easily (Fernandes et al., 2005).

In this study, urease in soil samples with recent extraction
of pumice was significantly lower than in soil control. This
enzyme activity increased with increasing time of pumice
extraction. Other studies found higher values in MBC and
urease activity in the abandoned agricultural soils (Zornoza
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et al., 2009) and included MBC and MBN and enzymatic
activities, probably due to high sensitivity (Zornoza et al.,
2015). According to PCA and multiple regressions, urease,
available phosphorus and bulk density are the three most im-
portant variables for the soil quality assessment. Among the
different enzymes in soils, urease is important in the trans-
formation of urea to ammonium.

The mining activity in the study site has affected bulk den-
sity significantly, and therefore the root response of the cul-
tivated plants after the extraction could be affected. Previous
research suggested bulk density as a soil quality indicator be-
cause this measurement is generally responsive to manage-
ment practices and is primarily a measure of soil compaction
(Hussain et al., 1999). The soil under recent time, 1 and 4
years of pumice extraction, did not show significant differ-
ences, whereas S1p and Si5 presented significantly higher
values; this behavior is attributed to agricultural land man-
agement, such that the continuous addition of organic matter
to the soil increases the availability of phosphorus.

For linear scores, some cases showed high variability in
the range observed, for example the variability in TN; nev-
ertheless, urease, phosphatase and TN were considerable for
the additive SQI. With the SQI, significant differences were
observed between different years of exploitation of pumice
(p<0.05), S15, S10 and S4 showed behavior more similar to
S, and the time of recuperation is likely to start at 4 years,
while Sg and S1 were the most different with respect to S.

5 Conclusions

This study showed that pumice extraction has had an adverse
impact on the quality of soils cultivated with maize. What
is most evident in the first years after the mine: after several
cycles of cultivation MBC, urease and phosphate activities
increased as a result of the continuous addition of organic
matter.

Using multivariate analysis provided information about
soil indicators that contributed to a greater extent to deter-
mine the effects of extraction pumice.

Among the evaluated quality indicators, urease and avail-
able phosphorus provided information to diagnose the qual-
ity of the soil where pumice was removed.

According to SQI, the time of recuperation of the soil
under pumice mining starts 4 years after its exploitation.

Edited by: P. Pereira
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