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Abstract
Heavy metals far in excess of trace amounts that are required for healthy plant growth, cause harmful effects on
soil microorganisms; however, studies concerning the characterization of microbial communities in mine soils
are scarce. The present study is the first attempt to characterize, by means of the analysis of phospholipid fatty
acid (PLFA) patterns, soil microbial community composition from a contaminated mine soil (Pb, As) subjected
to different remediation technologies. A pot experiment was performed with a soil from the São Domingos mine
(South of Portugal) with or without native herbaceous plants combined with the following soil treatments: control; inorganic fertilizer (NPK); inorganic fertilizer plus polyacrylate polymer; inorganic fertilizer plus organic
amendment (compost); inorganic fertilizer plus both amendments (compost, polymer). The measurements of
PLFA patterns were made on soil samples collected 5 months after the application of remediation treatments.
The total microbial biomass and the biomass of specific groups increased notably after soil treatments, particularly those including organic amendments, and were significantly higher in presence of native plants than in the
corresponding bare soils. The data also indicated that a plant cover rather than organic and inorganic treatments
played the dominant role in determining the composition of the microbial community. An influence of different soil treatments on microbial composition was also observed; the effect of organic amendment being more
pronounced than that of the remaining treatments. The results clearly showed the efficacy of a vegetation cover
(native plants) combined with the use of organic amendment in the reclamation of this degraded mine soil.
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1. Introduction
Nowadays, in situ remediation strategies for metal/

Wardle, 2010). Thus, since soil amendments and

metalloid contaminated historical mining sites are

plant growth may induce shifts in the soil microbial

focused on the use of amendments and/or metal-tol-

community (Grayston et al., 1998; Kourtev et al.,

erant plants (some of them non-indigenous) and their

2003; Pérez de Mora et al., 2006; Carrasco et al.,

associated microorganisms to reduce heavy metals

2010), the microbial characterization of contami-

mobility and bioavailability. These are promising al-

nated soils should be considered in the remediation

ternative technologies to traditional options of exca-

studies.

vations and ex situ treatment, offering an advantage

During the last decade some investigations showing

of being non-invasive and low cost. The purpose of

changes in microbial biomass and activity in mine

revegetation is to stabilize the site, by providing a

stabilized soils have been published (Pérez de Mora

cover crop that will prevent dispersion of metal-

et al., 2006; Clemente et al., 2007; Alvarenga et al.,

contaminated particles by water and wind erosion

2008; de Varennes et al., 2010). Nevertheless, due

and reduce metal mobility by rhizosphere-induced

to drawbacks of the traditional culture dependent

adsorption and precipitation processes (Alvarenga et

methods, information on how soil microbial com-

al., 2008). However, plant growth is very limited in

munity composition will be altered by these reme-

mine contaminated soils (high levels of metals and

diation techniques is still scarce. The analysis of the

metalloids, soil acidity, low C and nutrients avail-

phospholipid fatty acids (PLFAs) makes possible to

ability) and soil amendments such as lime, organic

examine broad scale patterns in microbial communi-

residues and industrial products such as zeolites and

ty structure (Frostegård et al., 1993a) and generally,

insoluble polyacrylate polymers promote the estab-

after the application of multivariate statistical analy-

lishment of a vegetation cover by providing essen-

ses, whole community fatty acids profiles indicate

tial nutrients for plant growth, raising the pH, and

which communities are similar or different. Thus,

chelating toxic metals (Alvarenga et al., 2008; 2014;

the PLFA technique has been used to compare mi-

Guiwei et al., 2008; de Varennes et al., 2010; Pinto

crobial communities during altered environmental

et al., 2015).

conditions under wide ranges of soil types, man-

Most studies concerning the rehabilitation of pol-

agement practices, climatic origins and different

luted soils in situ have focused on the effects of dif-

perturbations (Frostegård et al., 1993a,b; Barreiro

ferent treatment on bioavailability of trace elements

et al., 2010; 2015; Mahía et al., 2011; Fernández-

and plant growth (Alvarenga et al., 2008; Pérez-

Calviño et al., 2012; González-Gómez et al., 2013;

López et al., 2008), but interventions at one level

Muhammad et al., 2016; Moreno et al., 2017).

inherently affect the restoration attributes at other

Nowadays, PLFA has become a widespread meth-

levels (Kardold and Wardle, 2010). During decades,

od to characterize soil microorganisms because it

links between above-ground changes and below-

is a rapid and inexpensive way of assaying the bio-

ground activities carried out by soil microorganisms

mass and composition of microbial communities

were often ignored, although they are determinant

(Frostegård et al., 2011).

of ecosystem resilience and functional efficiency,

Metals and metalloids originating from leaching of

and they can assist restoration ecology (Kardold and

sulphide-rich abandoned mines are a very important
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source of environmental pollution both in soils and

(municipal solid waste compost) and polyacrylate

water. The abandoned pyrite mine of São Domingos,

polymer, stimulated plant growth and improved the

Portugal, is still an acid mine drainage generator and

quality of the mine soil. The latter was indicated by

a source for trace elements pollution, and hence a

greater levels of overall metabolic activity (soil res-

threat to the ecologic equilibrium. The environmen-

piration and dehydrogenease) and several enzyme

tal risk concerning mining wastes it is wellknown

activities involved in the soil cycles of N, P and C

(Pratas et al., 2005; Pérez-López et al., 2008; Alva-

(urease, protease, phosphatase, β-glucosidase and

renga et al., 2012); however, although a wide area

cellulose) found by de Varennes et al., 2010). Hy-

of land became contaminated with trace elements

drophylic polymers or “superabsorbent polymers”

and only supports sparse vegetation, no efforts were

were incorporated into soils and substrates when an

made for an environmental recovery of the mining

increase in the water holding capacity is desirable.

site since the ceasing of the mine activity in 1966. In-

In free solution, the ionic species of several metals

formation about plant communities that are growing

are rapidly trapped within and insoluble polyacrilate

on metal-contaminated soils is essential to determine

polymer and not released upon subsequent incuba-

their application for mine stabilisation/remediation

tion of the particles with water. This capacity to

and biogeochemical exploration. In these abandoned

chelate metal cations suggests that these polymers

mines of Portugal several plant species have been

could be used for in situ remediation of metal con-

recognized as tolerant to the mining environment

taminated soils. These insoluble polymers enhance

by accumulating or excluding toxic metals (Pratas

plant growth by increasing water-holding capacity,

et al., 2005; Abreu et al., 2008; Nabais et al., 2008;

supplying the cation present and decreasing the bio-

Pinto et al., 2015) and could be used in ecological

availability of same trace elements (Guiwei et al.,

restoration projects. Other approaches to remediate

2008). Hence, these remediation measures were effi-

these acidic poor soils contaminated with trace met-

cient as soil reclamation techniques. Often, remedia-

als are to add soil amendments for improving soil

tion studies on heavy metal contaminated soils have

fertility and hence plant growth. To this respect it

focused on the monitoring of bio-available or total

has been shown that soil amendments, including

metal content and information about the microbial

materials from farming and industrial sources (Al-

communities is scarce despite it is well-know that

varenga et al., 2008; Guiwei et al., 2008), could

can provide important information when evaluating

be a good ecological alternative to recycle these

soil remediation since microbial changes can also af-

residues and to reclaim these degraded soils. How-

fect soil functionality, thereby influencing nutrient

ever, additional research is still needed if technolo-

turnover and the restoration process of the degraded

gies based on the combined action of plants and

contaminated soil. However, despite its interest, in-

the microbial communities they support within the

formation on both biomass and composition of soil

rhizosphere are adopted in large-scale remediation

microbial communities is not available. The aim of

actions (Nabais et al., 2008).

this study was to determine whether the microbial

Previous studies have shown that the combined use of

activity changes detected in São Domingos mine soil

native plants (Briza maxima, Chaetopogon fascicu-

following different rehabilitation tecniques (de Va-

latus and Spergularia purpurea), inorganic fertilizer

rennes et al., 2010) were accompanied by changes

(NPK) and soil amendments such as organic wastes

in the microbial biomass and community structure.
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2. Material and Methods

4 kg soil per pot): control (C); inorganic fertilizer (I;
200 mg N, 125 mg P, 420 mg K and 25 mg Mg kg−1

2.1. Pot experiment

soil.); inorganic fertilizer plus polyacrylate polymer,
half with K+ as counter ion and half NH4+ (P; 0.4%

The soil used in the experiment was collected from

of polyacrylate polymer, 125 mg P, 25 mg Mg kg−1

the former São Domingos mine (37º40´N, 7º30´W), a

soil); inorganic fertilizer plus organic amendment

pyrite mine located in the Iberian Pyrite Belt near the

(O; 200 mg N, 125 mg P, 420 mg K, 25 mg Mg and

border with Spain. Modern extraction of Cu began in

15 g of municipal solid waste compost kg−1 soil); fer-

the 19 century and took place until 1966 when the

tilizer plus both amendments, polymer and compost

mine was close and the mine tailings were left with-

(PO; 0.4% of polyacrylate polymer, 15 g of compost

out any treatment or containment causing the soil

kg−1 soil, 125 mg P, 25 mg Mg). The properties of

contamination with trace metals. The soil (fraction <

the compost are the following: pH, 8; 329 g C kg-1;

2mm) had a sandy loam texture, was highly acidic (pH

7.99 g P kg-1; 16 g K kg-1; 273 mg Cu kg-1; 560 mg

in water 4.1), poor in organic matter (1.1 g organic C

Zn kg-1; 307 mg Pb kg-1; 15 mg As kg-1. It is impor-

kg ) and plant nutrients (3.36 mg inorganic N kg , 0.44

tant to note than Pb and As were considerably lower

g total P kg and 3.1 g total K kg-1), and with large

than those in the mine soils. A detailed description

total contents of Pb (6160 mg kg-1) and As (2730 mg

of soil, rehabilitation treatments and experimental

kg ). The pot experiment was performed with the mine

design is given by de Varennes et al. (2010). The

soil without plants (bare soil) or with a mixture of na-

measurements of PLFA patterns were made on soil

tive herbaceous plants (planted soil, Briza maxima L.,

samples collected 5 months after the application of

Chaetopogon fasciculatus (Link) Hayek and Spergu-

treatments. The plant biomass accumulation and soil

laria purpurea (Persoon) G. Don fil.) combined with

pH of the mine soil with different treatments are in-

the following treatments (4 replicates per treatments,

dicated in Table 1.

th

-1

-1

-1

-1

Table 1. Phytomass yields (g pot-1) and soil pH of the mine soil with different rehabilitation treatments after 5
months (mean values of four pot replicates). Treatments: C, control; I, inorganic fertilizer; P, inorganic fertilizer
plus polymer; O, inorganic fertilizer plus compost; PO, inorganic fertilizer plus both amendments (polymer, compost). For each parameter different letters indicate significant differences at the P<0.05 level.

C
0.90a

I
20.83b

Bare soil
4.54b
4.51b
Planted soil
*Data taken from Varennes et al. (2010)

4.50b
3.92a

Phytomass yield* Planted soil
pHwater

*Data taken from Varennes et al. (2010)
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Soil treatment
P
O
34.92c
35.30c
4.69c
4.98d

6.28f
6.93h

OP
46.61d
5.97e
6.66g
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differentiate between the means. Concentration of all
the individual PLFAs data, expressed as mole percent-

The microbial community structure was determined

age and logarithmically transformed, was subjected

by the PLFA analysis using the procedure and no-

to principal component analysis (PCA) to elucidate

menclature described by Frostegård et al. (1993a).

the main differences in the PLFA patterns. Relation-

Briefly, the lipids were extracted from the soil with

ships between soil and plant variables were obtained

a chloroform:methanol:citrate buffer mixture (1:2:0.8

using Pearson correlations. Calculations of the basic

v/v/v) and separated into neutral lipids, glycolipids

descriptive statistics, correlation and ANOVAs were

and phospholipids using a pre-packed silica column.

performed using SPSS v.15.0 for Windows.

The phospholipids were subjected to a mild alkaline
methanolysis and the fatty acid methyl esters were

3. Results

identified by gas chromatography (flame ionization
detector) by the relative retention times of the fatty

The microbial biomass, estimated as tot PLFAs,

acids, using methyl nondecanoate (19:0) as internal

ranged from 1.8 to 7.7 nmol g-1 in the bare soils,

standard. Fatty acids (PLFA) are designated in terms

and from 4.0 to 20.7 nmol g-1 in the planted soils

of the total number of carbon atoms: number of double

(Figure 1). The bacteria and fungi comprised 29-

bounds, followed by the position of the double bound

49 mol% and 17-27 mol%, respectively, of the to-

from the methyl end of the molecule. Cis and trans

tal amount of PLFAs. The total microbial biomass

configurations are indicated by c and t, respectively.

and the biomass of specific groups were quite simi-

The prefixes a and i indicate anteiso- and iso-branch-

lar in bare and planted untreated soils but increased

ing; br indicates unknown methyl branching position,

notably after soil treatments, higher biomass values

10 Me indicates a methyl group on the tenth carbon

being observed in presence of native plants with or-

atom from the carboxyl end of the molecule; and cy

ganic amendments. For both bare and planted soils,

refers to cyclopropane fatty acids. The total microbial

the soil receiving the compost amendment (O, PO)

biomass (TotPLFAs) was estimated as the sum of all

showed significantly higher values than those with

the extracted PLFAs. The sum of the PLFAs consid-

inorganic fertilizer (I) or polymer (P) treatments.

ered to be predominantly of bacterial origin was used

The abundance of the specific microbial groups dif-

as an index of the bacterial biomass (BactPLFAs), the

fered significantly between bare soil and the corre-

quantity of the PLFA 18:2 ω 6,9 was used as an indi-

sponding planted soil, the bare soil samples showing

cator of the fungal biomass (FungPLFA), the PLFAs

lower biomass values and a higher Fung PLFA/bac-

i14:0, a15:0, i16:0 and 10Me18:0 as indicators of

PLFA index ratio (Figure 1). In general, total micro-

gram-positive (G ) bacteria, and the PLFAs cy17:0,

bial biomass and biomass of specific groups of soil

cy19:0, 16:1ω7c and 18:1ω7 as indicators of gram-

microorganisms (bacteria, fungi) here determined

negative (G ) bacteria (Díaz-Raviña et al. 2006). The

were positively and significantly related with yield

biomass data were analyzed by ANOVA 2 to deter-

production, soil pH, and several biochemical prop-

mine the percentage of the data variation attributable

erties previously determined by de Varennes et al.,

to the factors revegetation (V) and soil treatment (T).

2010) in the same pot experiment and related with

To compare soil treatments, biomass data were also

the activity of soil microorganisms, the only excep-

analyzed by ANOVA 1 followed by Tukey´s test to

tions being urease and protease activities (Table 2).

+

-
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25

nmol g-1

5

TOTPLFA
d

T (47%)
V (31%)
T X V (15%)

Planted soil

15

4

T (64%)
V (23%)
T X V (10%)
c

2

bc

bc
ab

a

a

1

a
a

a
0

0
C

9

I

P

nmol g-1

O

PO
c

BACTPLFA

C

c

8
T (41%)
V (36%)
T X V (14%)

6

b

P

a

a
a

a

-

e

de

T (48%)
V (35%)
T X V (12%)

d

c

a

bc
a

a

a

0,5

a

bc
ab

1,0

a

1

PO

GRAM BACTPLFA

1,5

3

O

2,0

4

0,0

0
C

I

nmol

g-1

P

O

I

1,5

P

O

FUNGPLFA/BACTPLFA

1,2
b

e
de

0,9

2,0

PO

T (36%)
V (41%)
T X V (8%)

b

T (24%)
V (24%)
T X V (24%)

2,5

C

PO

GRAM+ BACTPLFA

3,0

cd
c

1,5

bc

bc

bc

bc

0,6
a

1,0

a

a

ab

a

a

a

a

0,5

0,3

a
a

0,0

0,0

C
6

I

P

O

I

P

O

PO

Figure 1. Total biomass (TOTPLFA), biomass
of the different specific microbial groups (fun-

T (24%)
V (16%)
T X V (25%)

c

4

C

PO

GRAM- NEGATIVE/GRAM- POSITIVE

5

c

gi, FUNGPLFA; bacteria, BACTPLFA; fungi,
FUNGPLFA; Gram- bacteria, GRAM- PLFA;

bc

3

Gram+ bacteria, GRAM- BACTPLFA) and reb

2
1

nmol g-1

3,5

2,5

5

3,5

I

3,0

7

2

bc

b

b

bc

ab ab

d

3

c
10

5

e

FUNGPLFA

d

Bare soil

20

nmol g-1

a

a

a

a

a

a

lation between the different microbial groups
(fungi/bacteria,FUNG-PLFA/BACTPLFA;
Gram- bacteria/Gram+ bacteria, GRAM+ BACT/

0
C

I

P

O

PO

GRAM- BACT) (mean values of four pot replicates) for the different reclamation treatments.
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Treatments: C, control; I, inorganic fertilizer; P, in-

For each analyzed parameter ANOVA 2 (revegeta-

organic fertilizer plus polymer; O, inorganic fertil-

tion, V; soil treatment, T; V X T interaction) were per-

izer plus compost; PO, inorganic fertilizer plus both

formed, but only proportion of variance explained by

amendments (polymer, compost). Different letters in-

significant factors (P<0.05 level) are indicated.

dicate significant differences at the P<0.05 level.

Table 2. Correlation coefficient values between microbial biomass estimated by means of phospholipid fatty acid
analysis (total microbial biomass and biomass of specific microbial groups) and soil properties and yield production. * P<0.05; ** P<0.01; *** P<0.001.
Variable
a

Respiration

Dehydrogenase

a

a

Cellulase
Glucosidase
Protease
Urease

a

Phosphatase
pH

a

a
a

Yield production
a

0.881 **

0.930 **

0.835 **

0.688 *

0.139

0.809 **

0.722 **

0.851 **

0.920 **

0.714 *

0.835 **
0.352

0.742 *
0.406

0.899 **
0.308

0.979 **
-0.293

0.749 *
0.354

-0.356

-0.388

G bacteria
0.912 **

+

Fungal PLFA
0.787 **

-0.366

a

Bacterial PLFA
0.875 **

-

Total PLFA
0.838 **

-0.378

G bacteria
0.723 *

-0.265

0.720 *

0.571

0.809 **

0.953 **

0.807 **

0.864 **

0.768 **

0.595

0.652 *
0.313

0.851 **

0.740 *

0.906 **

0.959 **

0.658 *

Data taken from Varennes et al. (2010)

The results of ANOVA showed a significant effect of

Score (±SE of four pot replicates) and loading plots

soil treatments and the presence of plants on the PLFA

from PCA performed on the whole PLFAs data set

concentrations, the factors not being independent as

(soils samples with and without vegetation) are showed

indicated by the significant effect of the interaction

in Figure 2. The PCA analysis indicated that the main

between them (Figure 1). Variation in totPLFA was

differences in the PLFA pattern were due to the veg-

largely explained by the soil treatment (47%) but

etation cover implantation. The first component (PC1),

also by the presence of plants (31%) and the soil

differentiating between bare soil and planted soils, ex-

treatment-vegetation interaction (15%). A similar

plained 27% of the variation, while the second com-

influence of these factors was observed for specific

ponent (PC2) mainly differentiated between treatments

microbial groups, soil treatment explained between

with compost and polymer (O and P) and the others,

24% (Gram+ bacteria) to 64% (fungi) of the variance,

explaining 23% of the variation. The planted soils

the presence of plants accounted for a 23-36% and the

(with positive values along PC1) were characterized

interaction 8-24%. Likewise, a significant effect of

by relatively high concentrations of branched saturated

soil treatment, vegetation and the interaction between

PLFAs i15:0, i16:0, a15:0 and monounsaturated PLFAs

these factors on Fung/Bact PLFA and Gram+/Gram-

16:1 ω 9, 16:1 ω 5, 17:1 ω 8 (Figure 2), whereas the

ratios was detected.

bare soils (with negative values along PC1) showed
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relatively high concentrations of the PLFAs cy19:0,

18:1ω7, 18:1ω9 and branched saturated 17:0 and 20:0,

18:0 and 10Me17:0. The soils receiving compost and

and the soils receiving only inorganic fertilizer by high

polymer (positive values along PC2) were character-

concentrations of the 10Me16a, 10Me17:0 and br18:0.

ized by high concentrations of monounsaturated 19:1a,

PC2 (23%) MSWC amendment

2.0

1.0

PO

P

VC

O

VPO

VO
0.0

I

-1.0

VP
C

-2.0
-2.5

-1.5

-0.5

VI

0.5

1.5

2.5

PC1 (27%) Presence of plants

1.0

19:1a

PC2 (23%) MSWC amendment

18:1ω7
17:0

20:0

0.5

i17:0
cy17:0

18:1ω9
17:1ω8
16:1ω5
a17:0
a15:0
16:1ω9

10Me18:0

0.0

18:0
cy19:0

i15:0

15:0

16:0

i16:0

18:2ω6

-0.5

10Me17:0
-1.0
-1.0

br18:0
10Me16:a

-0.5

0.0

0.5

1.0

PC1 (27%) Presence of plants

Figure 2. Score (±SE of four replicates) and loading plots from PCA performed on the PLFAs of the soils with
Figure
vegetation (V) and the bare
soil 2samples. Treatments: C, control; I, inorganic fertilizer; P, inorganic fertilizer plus

polymer; O, inorganic fertilizer plus compost; PO, inorganic fertilizer plus both amendment (polymer, compost);
VC, planted soil; VI planted soil with inorganic fertilizer; VP planted soil with polymer fertilizer; VO planted soil
with compost fertilizer; VPO planted soils with both amendments (polymer, compost).
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response was observed depending on treatment considered. Revegetation had a significant effect on the

The mine soil is acidic and very poor in C and nu-

biomass values; thus, the planted soils showed values

trients and total Pb and As concentrations were much

2-4.5 times higher than those in the corresponding

greater than the maximum allowed limits for healthy

bare soils. Likewise, a positive correlation between

plant growth (Dudka and Miller, 1999). Under this

biomass values and vegetation cover was observed

very poor and metal stressed soil environment where,

(Table 2), which most likely was due to the increased

in addition, low soil pH favoured Pb availability, plant

availability of carbon and energy in the rhizosphere

growth and microbial activity of soil microorganisms

(Wardle, 1992). These data clearly showed the inter-

are extremely reduced. In consequence, plant growth

dependence between above-ground changes and be-

and soil functioning is expected to be notably stimulat-

low-ground processes carried out by soil microorgan-

ed by the application of soil amendments increasing C

isms (Kardold and Wardle, 2010) and emphasized the

and nutrient availability and reducing metal availabil-

importance of monitoring soil microbial parameters

ity. At the end of the greenhouse experiment the phy-

in remediation studies. It should be noticed, however,

tomass production in control soil was only 0.9 g pot-1

that plant cover effect on microbial biomass did not

whereas the crop yield ranged from 20.8 to 46.6 g pot

seem to be as influential as that of the soil treatment.

in the mine soils with different treatments (Table 1). In

Variation in biomass data was also explained by soil

all cases the treatment increased the phytomass produc-

treatment, but a different effect was observed in pres-

tion by a factor of 23-52, compared to the control, the

ence and absence of plants. In bare soils, inorganic

increase being particularly striking for soil receiving

fertilizer and polymer treatments showed similar or

both polyacrylate polymer and compost amendments.

even lower biomass values than control soils whereas

It should be noticed that under field conditions this de-

in compost amendment alone or combined with poly-

graded soil supports only sparse vegetation, therefore

mer increased the biomass values about two times;

the establishment of a plant cover is essential to de-

this was also most likely due to increased input of car-

crease both soil erosion and water contamination with

bon for the soil microorganisms. In planted soils all

acid drainage containing trace elements. These results

rehabilitation treatments showed a significant effect

clearly showed the efficacy of rehabilitation strategies

on biomass values, the magnitude of change induced

for this mine polluted soil, which is also in accordance

by compost amendments (increase of 4-6 times) being

with soil quality reflected by some biochemical prop-

much higher than that observed when inorganic fertil-

erties determined in the same greenhouse experiment

izer and polymer were added (increase of 2 times).

(de Varennes et al. 2010).

The fact that the influence of soil treatment was more

This mine untreated soil exhibited low total micro-

pronounced in planted soils than in bare soils clearly

bial biomass values with a high proportion of fungi,

showed the benefits of combining a plant cover with

which is consistent with the fact that fungi rather

soil treatments in the soil reclamation process. Rela-

than bacteria are favoured in polluted environments

tive biomass of fungi and bacteria also varied depend-

due to their greater tolerance to heavy metals (Bååth,

ing on presence of plants, the planted soils showing

1989; Frostegård et al., 1993b). Changes in microbial

lower FungPLFA/BactPLFA ratios than bare soils due

biomass values were detected 5 months after the ap-

to the fact that in the rhizosphere bacteria rather than

plication of remediation treatments, but a different

fungi are stimulated (Wardle 1992). Gram-/G+ ratio

-1

Journal of Soil Science and Plant Nutrition, 2017, 17 (4), 839-852

848

Basanta et al

was higher in planted untreated control and in planted

the presence of plants and in a lesser extent by the

soil with polyacrylate polymer (VC, VP) than in the

soil treatments (Figure 2, organic- amendment). This

bare untreated soil (C, P), which can be due to the

is in accordance with previous studies showing sig-

increased dominance of G- bacteria under conditions

nificant changes in microbial community structure in

of high substrate and nutrients availability found as

response to either synthetic root exudates (Griffith et

consequence of the rhizosphere and the fertilizer ad-

al., 1999) or specific physico-chemical and biological

dition influence (Söderberg et al., 2004). In contrast,

characteristics prevailing in the rhizosphere habitat

amended planted soils (VI, VO, VPO) showed lower

(Söderberg et al., 2004; Pérez-de-Mora et al., 2006).

Gram-/G+ ratio ratios than the corresponding bare

It should be noticed that whereas in bare soil the mi-

soils, which can be partly explained by the nutrient

crobial community of control soil was closer to that

immobilization by plants.

from inorganic fertilizer treatment than to that from

Significant positive relationship between microbial

the organic amendments, the opposite was true in

biomass (total PLFA, bact PLFA, fungal PLFA) and

planted soil indicating that somehow the development

most microbial activity indices (soil respiration, dehy-

of a root system and organic amendment induced

drogenase, cellulase, ß-glucosidase and phosphatase)

similar shifts in the microbial community structure.

measured by de Varennes et al. (2010) were observed

This clearly showed the benefits of the implantation

(Table 2), confirming the results of Pérez-de-Mora et

of a vegetation cover in these degraded mine soils;

al. (2006). Increased levels of overall microbial activ-

however, since plant growth and associated biomass

ity or specific enzyme activity do not necessarily have

and activity of soil microorganisms are very reduced

to coincide with an enhanced biomass; however, our

in untreated soil (Tables 1-2, Figure 1), the use of soil

results clearly showed that these measurements giving

amendments is recommended in the restoration of

information on different aspects of soil microorgan-

these contaminated soils.

isms (size, activity) responded similarly to the recla-

Different soil microbial communities were also ob-

mation treatments. In contrast, no significant positive

served depending on soil amendment (Figure 2). Na-

correlations were found between microbial biomass

ture of the amendment and therefore different accu-

and enzymes involved in the N cycle (protease and

mulative effects of these compounds such as changes

urease activities), which may result from the fact

in the soil environment (soil properties and plant

that these enzymes can also occur as free extracellu-

growth), can be responsible for the establishment of

lar enzymes (Nannipieri et al., 2002). Our soils also

different microorganisms. The addition of organic

exhibited significant positive correlation between

materials not only should increase notably the organic

microbial biomass and soil pH, which is consistent

matter content of this poor mine soil but also reduce

with previous findings (Wardle, 1992; Díaz-Raviña

the trace elements bioavailability through complex-

et al., 1995). Other recent studies, however, showed

ation processes (Alvarenga et al., 2008), which is cru-

that PLFA composition rather than total concentra-

cial to soil quality and to the regulation of many soil

tion of PLFA was affected by soil pH (Fernández-

functions; therefore, the use of organic amendments is

Calviño et al., 2012).

recommended for reclamation of soils contaminated

The results showed that the PLFA pattern discriminated

with heavy metals (Saffari et al., 2015). In the present

among different remediation measures and that the mi-

study the addition of compost increased the pH around

crobial community structure was mainly affected by

1.7 units in bare soil and 2.5-3.0 units in planted soil,
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which can have important implications for nutrient

soil microorganisms. This is also consistent with a

availability, including trace elements present in soil

previous studies showing a significant effect of a

(Pb, As). In fact, increasing soil pH is a common prac-

synthetic polymer (Firesorb, an acrylic-acrylamide

tice in acid soils affected by trace element pollution

copolymer) on both biomass and microbial composi-

(Adriano, 2001), since most of these elements are less

tion applied at normal field dose as water additive

soluble at high pH.

to combat wildfire and to control prescribed fire in

Differences in soil pH could also be responsible for

forests ecosystems (Díaz-Raviña et al., 2006; Bar-

the establishment of different microorganisms. Varia-

reiro et al., 2010).

tions in soil PLFA pattern attributable to soil pH are
reported in several studies showing an increase of

5. Conclusions

16:1ω5, as well as other monounsaturated PLFAs,
with increasing pH and a decrease in some branched

Our results showed that changes in microbial activ-

PLFAs, as well as cy19:0, at high pH (Frostegård et

ity detected in previous work after different rehabili-

al., 1993a; Fernández-Calviño et al., 2012). In our

tation treatments are accompanied by changes in mi-

case the effect of pH on microbial composition seems

crobial biomass and microbial community structure

evident since PCA analysis discriminated between

determined means of PLFA analyses. The implanta-

soils with highest pH values such as those receiving

tion of a vegetation cover with native metal tolerant

compost amendment and the other soils and simi-

plants and soil treatments are important factors in

lar changes induced by pH were observed in some

determining the biomass and composition of micro-

PLFAs; however, the fact that control planted soil (pH

bial communities and hence in improving soil qual-

of 4.5) was grouped together with soils receiving or-

ity of these mine areas. Soil treatments (inorganic

ganic treatments (pH of 6-7) seems to indicate that

fertilizer, polymer and compost), particularly the

other factors rather than soil pH are also important for

organic material combined or not with polymer, can

determining the microbial composition of these mine

improve notably the reestablishment of soil micro-

soils contaminated with heavy metals. It should be

bial population and associated plant growth. In the

noticed that although remediation measures modified

present study, where a close link between different

microbial community structure it is extremely hard

microbial aspects (biomass, activity and diversity)

to discern the contribution of different soil properties

and associated plant growth was observed, the data

since a combination of changes in soil environment

comparison obtained for different soil treatments

(pH, metal toxicity, C availability, nutrients) are ac-

clearly showed that the best option for reclaiming

counted for the microbial differences observed in the

this São Domingos mine soil is the implantation of

various reclamation treatments.

a vegetation cover with the use of compost alone or

Changes in microbial composition due to inorganic

combined with polymer. This shows the value of mi-

fertilizer and polymer addition were also observed,

crobial parameters as a complementary promising

this behaviour being attributed to the increased nu-

tool to elucidate management effects that maybe not

trient availability for the former treatment and to the

be apparent through traditional assessments of reha-

pH changes (increase or decrease of 0.2-1.0 units)

bilitation status such as above-ground (plant growth)

and the capacity to retain water and chelate trace

or below-ground (soil physical and chemical proper-

elements for the later which in turn can influence

ties) indicators.
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following an experimental fire and different stabilization treatments. Catena. 135, 419-429.
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