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Abstract The aim of this study was to describe the im-

pact of re-vegetation on the restoration of microbial com-

munity structure and soil microbiological properties in

sand dunes that had been affected by mining activity. Soil

samples were collected during the dry and rainy seasons

from a chronosequence (1, 9, 21 years) of re-vegetated

dunes using a single preserved dune as a reference. The

composition of the fatty acid methyl esters and soil mi-

crobial properties were evaluated. The results showed that

the changes in microbial community structure were related

to seasonal variations: biomarkers of Gram-positive bac-

teria were higher than Gram-negative bacteria during the

dry season, showing that this group of organisms is more

tolerant to these stressful conditions. The microbial com-

munity structure in the natural dune was less affected by

seasonal variation compared to the re-vegetated areas,

whereas the opposite was observed for microbiological

properties. Thus, in general, the proportion of saprobic

fungi was higher in the natural dune, whereas Gram-

negative bacteria were proportionally more common in the

younger areas. Although over time the re-vegetation allows

the recovery of the microbial community and the soil

functions, these communities and functions are different

from those found in the undisturbed areas.

Keywords Microbial biomass � Chronosequence �
FAMEs � Enzyme activity

Introduction

Mining activity impacts on an increasing number of natural

areas. In addition to affecting soil stability and decreasing

its nutrient and organic content, mining promotes sig-

nificant losses in biodiversity above and below ground

(Claassens et al. 2012; Izquierdo et al. 2005). These dis-

turbances alter the functioning and the structure of micro-

bial communities, energy transfer, nutrient cycling, and the

re-establishment of plants (Mummey et al. 2002).

The re-composition of edaphic characteristics is directly

related to the establishment of plant communities and the

biological activity of the soil (Claassens et al. 2005). In this

way, the developments of strategies that help the restora-

tion process over time, such as reforestation and the use of

topsoil before planting, are important because they promote

the growth and development of soil microbiota. The most

important goals of the rehabilitation process are to stabilize

the ecosystem and to restore its ability to resist further

disturbances (Chodak et al. 2009). Monitoring the reha-

bilitation process involves measuring important physical,

chemical, and biological soil quality indicators. Besides

evaluating soil functioning, these indicators also guide the

progress of the restoration of soils over time (Ramsey et al.

2012; Silva et al. 2012).

Microorganisms and their activities are among the

indicators that have been used to monitor the processes of

disturbance and/or recovery in soils (Chaer and Tótola

2007; Hinojosa et al. 2004; Huang et al. 2011). The mi-

crobial activity or microbial functioning can be indirectly

evaluated by soil enzyme activity, being useful to monitor
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edaphic changes (Fernandes et al. 2011; Mendes et al.

2012).

The ester-linked fatty acid methyl esters (EL-FAME)

analysis is a technique utilized to access the soil microbial

community. The fatty acid methyl esters are extract of the

soil and used as microbial taxonomic biomarkers of mi-

croorganisms. This technique has been also used to in-

vestigate response of the microbial community structure

related to changes occurred in the soil, mainly due to

degradation or recuperation of these environments (Chaer

et al. 2009; Fernandes et al. 2011; Vallejo et al. 2012). The

application of this technique linked to enzyme assays al-

lows microbial communities to be characterized in terms of

structure and function (Bardgett et al. 1999; Claassens et al.

2008; Hahn and Quideau 2013).

The main aim of the present study was to assessing the

effect caused by re-vegetation of mining-polluted land

dunes on the restoration of autochthonous microbial com-

munity of soil. Considering the low variability of the soil

type, landscape position, and climatic differences between

areas selected in the present study, changes in response

variables must be primarily related to the timing of

vegetation. Thus, this study is based on an observational,

not an experimental, investigation. This study was designed

to test the following hypotheses: (i) that, over a period of

20 years, the re-vegetation of mined areas with seedlings of

native plants allows the restoration of the structure and

activity of the microbial community to its original condition

and (ii) that communities in non-degraded areas are more

stable against seasonal variations. With these hypotheses in

mind, changes in the composition of fatty acid methyl esters

(FAMEs) and in soil microbial properties were assessed in

three areas of mined coastal dunes at different stages in the

recovery process (one, nine, and 21 years) and compared to

a dune with native vegetation. These measurements were

made during the dry and rainy seasons.

Materials and Methods

Sampling Sites

Soil samples were taken from dune areas in Brazil owned

by the Millennium Mineração Ltda., a Cristal Global

company, located in the municipality of Mataraca, in the

north of the State of Paraı́ba (6�2802000–6�3000000S,
34�5505000–34�5701000W). The local climate is tropical wet

(Köppen Am type) with average annual temperature of

25.5 �C, ranging from 23.7 �C in July to 26.8 �C in De-

cember, and annual average rainfall of 1795 mm, with

80 % of the rainfall concentrated from April to August.

The soil in the collection areas is of type quartzarenic

neosols. The predominant geological formation is

composed of sandy clay, sedimentary rocks overlain by

fixed dunes, where minerals of economic interest, such as

ilmenite (FeO�TiO2), zirconium (ZrO2�SiO2), and rutile

(TiO2), are found (Souza et al. 2010).

During the process of mining, the dunes are disassem-

bled and the ores are separated from the sand by density.

The tailings (quartzite sand) are deposited on the side of the

mined areas, and the surface layer (30 cm) of soil is

transported and subsequently used to cover areas that will

be replanted (Souza et al. 2010). The planting of seedlings

in all areas was done in pits of approximately 70 9 20 9

20 cm, with a distance of 2 m between plants and between

lines. Only the areas of 1 and 9 years of age were fertilized

at planting with an organic blend of sugarcane bagasse and

cattle manure (pH H2O = 7.3; N = 1.4 g kg-1; C =

147.2 g kg-1; P = 0.4 g kg-1; and K = 1.5 g kg-1) per pit.

Re-vegetation of the studied areas was carried out using

native plant species, represented mainly by the families

Leguminosae, Anacardiaceae, Bignoniaceae, Rhamnaceae,

Myrtaceae, Rubiaceae, Chrysobalanaceae, Annonaceae,

Malvaceae, and Sapotaceae. However, floristic surveys of

these places, carried out by the company, indicate that

there is a gradual change of vegetative cover over time.

Arboreal species such as Leguminosae, Anacardiaceae,

Bignoniaceae, Rhamnaceae, Myrtaceae, Rubiaceae, An-

nonaceae, Malvaceae, Chrysobalanaceae, and Sapotaceae

are more common in the older areas, whereas in the

younger ones, herbaceous species from the families

Leguminosae, Poaceae, Rubiaceae, Tiliaceae, Lamiaceae,

Passifloraceae, Loganiaceae, Turneraceae, Euphorbiaceae,

Violaceae, and Asteraceae predominate.

Sampling

Soil samples were collected in March (dry season) and July

(rainy season) of 2010 at a depth of 0-10 cm. The study

was conducted in three areas of mined dunes with 1, 9, and

21 years of re-vegetation. A dune with preserved arboreal

restinga vegetation (natural dune) was used as a reference.

In each area, four plots of 5 9 20 m were drawn, and in

each plot, six samples were collected to form a composite

sample. The soil samples were placed in plastic bags, taken

to the laboratory, and stored under refrigeration (4 �C) until
the biochemical and microbiological analyses were

conducted.

Analyses of the Biological Properties of the Soil

The carbon content of the microbial biomass (MBC) was

estimated by the fumigation-extraction method (Vance

et al. 1987). Fumigation was conducted with ethanol-free

chloroform in 10 g of soil, followed by carbon extraction

with potassium sulfate (0.5 M) and oxidation with
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potassium dichromate (0.66 mM) in concentrated acid

medium. Carbon quantification was carried out by titration

with ferrous ammonium sulfate (0.033 N), using 1 %

diphenylamine as an indicator (De-Polli and Guerra 1997).

The MBC values were calculated by the difference of

carbon in fumigated and non-fumigated soil samples, con-

sidering KC = 0.41 (Babuija et al. 2010). Basal respiration

(RES) was estimated from the incubation of soil samples

(50 g) in a closed system with 10 mL of NaOH (0.5 M), for

seven days. The CO2 captured by the NaOH solution

(0.5 M) was measured by titration with 0.1 N HCl (Alef

and Nannipieri 1995). The activities of the enzymes b-
glucosidase (BETA) and arylsulfatase (ARYL) were de-

termined according to Tabatabai and Bremner (1970), ex-

cept for the use of toluene, which was excluded during the

assays. Acid phosphatase activity (PHOS) was determined

according to Tabatabai and Bremner (1969), omitting the

toluene. The activity of these enzymes is based on colori-

metric determination of p-nitrophenol released in 1 g of soil

samples after incubation for 1 h at 37 �C. For each enzyme,

specific substrates were used in buffered solutions. One-mL

solutions of p-nitrophenyl-b-D-glucoside (25 mM), p-ni-

trophenyl-sulfate (0.05 M), and p-nitrophenyl-phosphate

(0.05 M) were used for the activity of b-glucosidase, aryl-
sulfatase, and phosphatase, respectively. The p-nitrophenol

released was extracted by filtration and determined colori-

metrically at 400 nm.

The activity of dehydrogenase (DEHY) was determined

according to the methodology of Casida et al. (1964). In

short, soil samples (3 g) were incubated with 3 mL of 1 %

TTC (2,3,5 triphenyltetrazolium chloride) in a water bath

(37 �C) for 24 h. After this period, the reaction was stop-

ped with 10 mL of methanol and the TTF (triphenylfor-

mazan), formed by the action of dehydrogenase in

reduction of TTC, was measured in a spectrophotometer

(485 nm). Urease activity was measured by determining

the ammonia released after incubation of 2.5 g of soil in

urea solution (0.2 M) at 37 �C for 2 h, and the reading of

the samples was done in a spectrophotometer (690 nm)

(Kandeler and Gerber 1988). Fluorescein diacetate (FDA)

hydrolysis was estimated according to Swisher and Carrol

(1980) in 5 g of soil samples incubated with 20 mL of

potassium phosphate buffer (66 mM; pH 7.6) and 200 lL
of fluorescein diacetate solution (0.02 g 10 mL-1 acetone)

for 30 min. After this period, the reaction was stopped with

the addition of 20 mL of acetone, and the readings were

done in a spectrophotometer (490 nm).

Extraction of Fatty Acids Methyl Esters

(EL-FAME)

The structure of the microbial community was investigated

using the technique of ester-linked fatty acid profiles

extracted from soil according to Schutter and Dick (2000).

In summary, 3 g of soil samples under field capacity were

weighed in glass centrifuge tubes (35 mL) with Teflon-

lined cap. Fifteen mL of KOH solution (0.2 M) prepared in

methanol was added to the soil, and the tubes were agitated

for 15 s on a vortex-type agitator and incubated for 1 h at

37 �C. For every 10 min during the incubation period, the

bottles were shaken in a vortex to increase the efficiency of

extraction of fatty acids and formation of their methyl

forms (methyl esters of fatty acids, FAME). After incu-

bation, 3 mL of acetic acid (1 M) was added and the

samples were homogenized. Ten mL of hexane was added

to the tubes to promote organic and aqueous phase parti-

tion. The samples were centrifuged for 10 min (480 9 g).

The organic phase with hexane, which contains the

FAMEs, was transferred by pipette to test tubes and dried

in an ultrapure N2 atmosphere at a temperature of 37 �C.
After drying, the FAMEs were re-suspended in hexane and

transferred to amber chromatography tubes (GC vials).

One-lL samples were injected into the gas chromatograph

equipped with a capillary column (5 % biphenyl–95 %

dimethylpolysiloxane, 25 M) and flame ionization detector

(FID). The equipment was programed to allow an increase

of 4 �C min-1, from 120 to 270 �C. The temperatures of

the injector and detector were 250 �C and 280 �C, re-

spectively (Fernandes et al. 2011). The chromatographic

peaks were identified on the basis of a comparison of the

microbial FAME retention times of samples and commer-

cial standards (BAME and FAME 37, Supelco). Changes in

microbial community structure were interpreted by the

analysis of concentration of FAMEs characteristic of each

group relative to the total of these microbial compounds in

the samples. The following microbial groups, with their

respective biomarkers identified in parentheses, were ana-

lyzed: Gram-positive bacteria (15:0i ? 15:0a ? 16:0i ?

17:0i ? 17:0a), Gram-negative bacteria (16:1x7c ? 18:1

x7c ? 17:0cy ? 19:0cy), actinomycetes (16:0 10 Me),

arbuscular mycorrhizal fungi (AMF) (16:1 x5c), and

saprobic fungi (18:2x6c ? 18:1x9c). The relationship

between biomarkers of fungus and bacteria (F/B) was

calculated by the ratio between the mass of the FAMEs of

fungal (18:2x6c ? 18:1x9c) (Kaiser et al., 2010) and

bacterial origin (15:0i ? 15:0a ? 16:0i ? 17:0i ?

17:0a ? 17:0cy, 18:1x7c ? 19:0cy) (Frostegård and

Bååth 1996). The ratio between the 19:0cy and its pre-

cursor (18:1x7c) was used to assess the state of microbial

stress of the bacterial community (Guckert et al. 1986).

Data Analysis

Multivariate analyses were used to evaluate the effects of

re-vegetation time on the structure and function of the

microbial community during the dry and rainy seasons.
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Differences in the microbial community structure were

represented graphically using the NMS (non-metric mul-

tidimensional scaling) ordination technique (Sokal 1979;

McCune and Grace 2002), using the Sørensen distance

measure, a statistic used for comparing the similarity of

two multivariate samples.

Before data analysis began, the principal matrix con-

taining data about the microbial community was relativized

in order to reduce the impact of differences in the total

quantities of fatty acids obtained in the samples and focus

the analysis on the relative composition of the FAMEs

within the various groups of organisms in the microbial

community. FAMEs that occurred in amounts smaller than

2 % of the fatty acid 16:0 were excluded from the data

matrix.

The ordinations obtained were submitted to a rotation

procedure so that samples from the natural dune were al-

ways on the left side of axis 1. Changes in the structure of

the microbial communities were characterized using

Pearson correlation coefficients (r) between the percentage

contribution of the FAMEs of microbial groups in the

samples and the scores of the ordination axes by NMS.

Analyses of Pearson correlation were also used to describe

the relationships between biological variables and the mi-

crobial community structure (scores of samples on the or-

dination axes for NMS) and individually with the

biomarkers of the microbial groups.

Statistical differences in the structure of microbial

communities at different stages of re-vegetation and sam-

pling seasons were assigned using the multi-response per-

mutation procedure (MRPP) based on Sørensen distance

(P\ 0.05). A matrix consisting of the data of nine mi-

crobiological variables (MBC, RES, PHOS, BETA, ARYL,

FDA, DEHY, URE, and the ratio 19:0cy/18:1x7, descrip-
tive of bacterial stress), relativized by their respective totals

in the columns, was used to describe the differences be-

tween the samples regarding the functioning of microbial

communities.

All multivariate tests were conducted using the statisti-

cal program PC-ORD, version 6.0 (McCune and Mefford

2011).

Results

Soil Properties

The chemical characteristics of the soil are presented in

Table 1. The mean and coefficient of variation (CV) of the

soil moisture and soil biological properties are shown in

Table 2. The sand content in these soils ranged from 94.3

to 96.5 %, and silt and clay contents were less than 5.5 %.

All soils had a similar texture, being classified as sandy

soils.

Seasonal Influence on Microbial Community

Structure

A 2D graph of ordination by NMS represented 81 % of the

total variability of the original data regarding the structure

of the microbial communities investigated by the ester-

linked fatty acid technique (Fig. 1). Most of the variation in

the data (52 %) was associated with the axis 2, while axis 1

represented 29 % of the data variability (Fig. 1).

Between sampling periods, the differences in microbial

community structure were strongly differentiated along

axis 2, with data points from the dry season positioned in

the upper part of the graph and those from the rainy season

at the bottom (Fig. 1). Positive correlations were observed

between the scores of this axis and the biomarkers of

Gram-positive bacteria 15:0i (r = 0.74; P\ 0.001) and

16:0i (r = 0.82; P\ 0.001), indicating a relative enrich-

ment of these microorganisms in samples taken during the

dry season. In contrast, Gram-negative bacteria were fa-

vored during the rainy season, as indicated by the negative

correlations between two of their biomarkers, 16:1x7c
(r = -0.63; P\ 0 .01) and 17:0cy (r = -0.59; P\ 0.05),

and axis 2 scores.

According to the MRPP technique, the communities

established during the dry and rainy seasons differed from

each other in the re-vegetated areas (P\ 0.001). Although

these differences were observed, they were less marked

than in the natural sand dune, suggesting a greater stability

in relation to these communities found in recomposed areas

(Table 3).

Microbial Community Structure

in a Chronosequence

Due to the strong seasonal influence on Gram-positive and

Gram-negative bacteria, the dry and rainy seasons were

analyzed separately.

The ordinations of microbial communities in both sea-

sons were very similar with respect to the percentage of the

total variability of the fatty acid data represented by the

two axes and by the partition of this variability between

them. In both cases, the variability represented along axis

1, 55 % in the dry season and 56 % in the rainy season,

was significantly greater than axis 2, where the dry season

represented 32 % and the rainy season 30 % of the data

variation. Independent of the season evaluated, the struc-

tures of microbial communities of areas re-vegetated for

nine and 21 years did not differ between themselves, but

were distinct from those established on the natural dunes
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and in the areas with 1 year of re-vegetation, occupying

intermediate positions between those along axis 1 (Fig. 2).

In the dry season, the distribution of samples along axis

1 showed a negative correlation with AMF (r = -0.87;

P\ 0.001) and a positive correlation with GNB (r = 0.65;

P\ 0.01) (Table 4). During the rainy season, variations of

AMF and GNB along axis 1 were similar to those observed

in the dry season, while gradients of concentrations of

biomarkers for saprobe fungi and Actinomycetes along this

axis were observed only in the rainy season (Table 4). In

this case, increments of saprobe fungi were observed in the

direction of the natural dune in relation to the area with

1 year of re-vegetation, while those of Actinomycetes

showed the opposite behavior.

Microbial components associated with axis 2 were ob-

served in the dry season, in areas of native sand dunes;

those re-vegetated for 1 year were located at the bottom of

the chart, and presented a higher similarity between

themselves than with the areas of older re-vegetation lo-

cated at the top of the chart. In the dry season, the distri-

bution of the samples in the upward direction of this axis

was positively correlated with biomarkers of GPB, GNB,

and AMF, and negatively with the saprobic fungi. Even

though with the re-vegetation time the general similarity

among mined and natural dunes had been incremented, the

areas re-vegetated the longest (nine and 21 years) pre-

sented, during the dry season, more favorable conditions

for the establishment of GPB, and were less favorable for

the saprobic fungi in relation to natural dunes and the most

recently re-vegetated areas (Table 4).

In the rainy season, GPB and saprobic fungi showed the

same patterns of variation observed in the dry season re-

garding to the axis 2. However, unlike in the dry season,

the distribution of samples along axis 2 in the rainy season

was not linked to concentrations of a biomarker of AMF

(Table 4).

Stands out that in the rainy season, saprobic fungi and

AMF were negatively correlated with both axes, indicating

that the establishment of these microbial groups was

especially favored in the native dune areas, as opposed to

the degraded areas, regardless of their time of re-

vegetation.

The soil biological properties were correlated with

changes in microbial community structure in the areas of

mined and re-vegetated sand dunes. The negative correla-

tions between the biological properties and axis 1 scores

indicated an increment in the activity of the enzyme acid

phosphatase (P\ 0.001) and arylsulfatase (P\ 0.05) to-

ward the reference area during the dry season (Fig. 2;

Table 5). The increase in the stress indicator 19:0cy/

18:1x7 ratio during this season occurred toward the

younger re-vegetated area, as indicated by the positive

correlation between this indicator and the scores of axis 1

(Fig. 2; Table 5). During the rainy season, the correlations

among axis 1 and bacterial stress, PHOS, and ARYL were

similar to those observed in the dry season. However, in the

rainy season, the MBC and BETA were also associated

with microbial community structure, with increments of

these variables being observed toward the communities of

native dune areas, along axis 1 (Table 5).

With respect to the components of community structure

associated with axis 2, positive correlations were observed

with PHOS and BETA in the dry season, indicating an

increased gradient in the potential activity of these en-

zymes toward samples located in the upper part of the

chart. However, correlations were not found among vari-

ables of microbiological properties and axis 2 scores of the

structure of microbial communities in the rainy season

(Fig. 2; Table 5).

Influence of Chronosequence on Soil

Microbiological Properties

To characterize the seasonal effect on soil microbiological

properties (SMP) during the dry and rainy seasons, both

seasons were analyzed together. Figure 3 represents the

differences between the SMP of the re-vegetated dune ar-

eas in both seasons. Most of the variation in the data

(86 %) was associated with axis 1, while axis 2 represented

only 8 % of the variability of the data (Fig. 3).

The SMP did not differ (P = 0.061) between the sea-

sons, dry and rainy, regardless of the vegetation age

assessed, according to the MRPP technique (Table 6).

However, when areas with the same vegetational

Table 1 Chemical

characterization of soils of

dunes with natural dune

vegetation (ND) and those re-

vegetated for one, nine, and

21 yearsa, in Mataraca, PB

Areas P Fe Cu Zn Mn K Na Al Ca Mg

(mg dm-3) (cmolc dm
-3)

ND 3.5 66.5 0.1 1.8 19.9 0.1 0.1 0.1 1.8 0.6

1 year 3.3 46.5 0.1 0.5 10.2 0.0 0.0 0.1 1.1 0.5

9 years 10.0 83.0 0.1 2.5 17.8 0.1 0.1 0.1 2.0 0.6

21 years 18.3 59.6 0.1 3.1 22.5 0.1 0.1 0.1 1.8 0.7

a Year(s): re-vegetation time
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conditions were compared with each other, in the two

seasons, a difference in SMP among these locations was

observed.

Like the changes in MCS in the re-vegetated sand dunes,

SMP were also compared separately among the vegeta-

tional states during the dry and rainy seasons. The SMP of

the area re-vegetated for 1 year were different from the

other areas in the two seasons. Differences in the SMP of

the natural dune and older re-vegetated areas were seen

only in the dry season, with the SMP of the area re-

vegetated 21 years ago similar to those of the area re-

vegetated 9 years ago and natural dune. However, the SMP

of the natural dune and re-vegetated for 9 years were dif-

ferent in this season.

The SMP of the re-vegetated area for 1 year differed

from those of the other areas in both seasons. In the dry

season, the SMP of the re-vegetated area 21 years ago were

similar to the values registered in the dunes with 1 year of

re-vegetation and in the natural dune. However, the SMP

differed between these two last areas. During the rainy

season, there were no differences in the SMP of the natural

dune when compared to areas re-vegetated for nine and

21 years.

The negative correlations among the biological proper-

ties and the axis 1 scores indicated an increase in FDA

hydrolysis (P\ 0.001) and in the activity of the enzymes

PHOS and ARYL (P\ 0.001), BETA (P\ 0.01) and

URE (P\ 0.05) toward the reference area during the dry

season. In the rainy season, all the biological properties

evaluated, with the exception of stress indicator 19:0cy/

18:1x7, were negatively correlated with axis 1, which is

indicative of an increase in these properties toward the

natural dune and areas re-vegetated for nine and 21 years.

The increase of the stress indicator 19:0cy/18:1x7, during

Fig. 1 Differences between the structure of the microbial community

in soils of a native dune and re-vegetated sand dunes in response to

season and different periods of re-vegetation, in accordance with

NMS ordination. The symbols represent the centroid of the samples

under each condition of re-vegetation and sampling time (n = 4). The

horizontal and vertical bars indicate standard deviation of the samples

in relation to their centroids along axes 1 and 2, respectively. ND

natural dune, DP dry period, RP rainy period, year (s): time of re-

vegetation

a b

Fig. 2 Changes in the structure of the soil microbial community of a

native dune and re-vegetated sand dunes in response to different

vegetation ages according to NMS ordination. The symbols represent

the centroid of the samples under each condition of re-vegetation and

sampling time (n = 4). The horizontal and vertical error bars indicate

the standard deviation of the samples in relation to their centroids

along axes 1 and 2, respectively. NSD: natural sand dune; a DP dry

period; b RP rainy period; year(s): time of re-vegetation

Table 3 Comparisons of the MRPP of the microbial community

profile obtained from the FAMEs of soil samples of natural and re-

vegetated dunes during the dry and rainy periods

Areas/seasons P values

ND_DP vs. ND_RP 0.023*

21 years_ DP vs. 21 years _RP 0.005**

9 years _DP vs. 9 years _RP 0.007**

1 year_DP vs. 1year_RP 0.009**

ND natural dune, DP dry period, RP rainy period; year (s): time of re-

vegetation

* P\ 0.05 and **P\ 0.01, based on MRPP
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the rainy season, occurred toward the younger re-vegetated

area, as indicated by the positive correlation among scores

of axes 1 and the 19:0cy/18:1x7 ratio (r = 0.91;

P\ 0.001) (Fig. 4; Table 7).

Regarding to soil biological properties associated with

axis 2 in the dry season, an increase in the stress indicator

Fig. 3 Differences among the soil microbiological properties of a

native dune and re-vegetated sand dunes in response to temporal

variations and different times of re-vegetation, in accordance with

NMS ordination. The symbols represent the centroid of the samples

under each condition of re-vegetation and sampling time (n = 4). The

horizontal and vertical bars indicate standard deviation of the samples

in relation to their centroids along axes 1 and 2, respectively. ND

natural dune, DP dry period, RP rainy period; year(s): time of re-

vegetation

Table 6 P values for comparisons of the MRPP of soil micro-

biological properties in areas of natural and re-vegetated sand dunes

in two periods, dry and rainy

Areas/periods P values

ND_DP vs. ND_RP 0.009**

21 years_DP vs. 21 years_RP 0.007**

9 years_DP vs. 9 years_RP 0.050*

1 year_DP vs. 1 year_RP 0.012*

ND natural dune, DP dry period, RP rainy period, year (s): re-

vegetation time

* p B 0.05 and **p\ 0.01, according to MRPP

Table 4 Pearson correlation

coefficients (r) among the

microbial groups and scores of

axes 1 and 2 of the NMS

ordination during the dry and

rainy periods

Variables Dry Rainy

Axis 1 NMS Axis 2 NMS Axis 1 NMS Axis 2 NMS

Gram-positive bacteria 0.16 ns 0.65** 0.25 ns 0.73***

Gram-negative bacteria 0.65** 0.01 ns 0.75*** 0.01 ns

Actinomycetes 0.11 ns -0.14 ns 0.77*** 0.46 ns

AMF -0.87*** 0.61** -0.79*** 0.13 ns

Fungi -0.13 ns -0.86*** -0.65** -0.81***

F/B -0.28 ns -0.76*** -0.68** -0.68**

ns non-significant, AMF arbuscular mycorrhizal fungi, F/B fungi/bacteria ratio

* P\ 0.05; ** P\ 0.01; *** P\ 0.001

Table 5 Pearson correlation

coefficients (r) among the soil

microbiological properties and

the scores of axes 1 and 2 NMS

ordination in the dry and rainy

periods

Varables Dry Rainy

Axis 1 NMS Axis 2 NMS Axis 1 NMS Axis 2 NMS

19:0cy/18:1x7 0.50* -0.34 ns 0.68** -0.33 ns

PHOS -0.74*** 0.62** -0.66** -0.11 ns

CBM -0.25 ns 0.47 ns -0.50* -0.23 ns

ARYL -0.57* 0.28 ns -0.73*** 0.07 ns

BETA -0.26 ns 0.66** -0.68** 0.07 ns

FDA -0.48 ns 0.38 ns -0.39 ns 0.21 ns

DEHYDR 0.32 ns -0.22 ns -0.43 ns 0.01 ns

RES 0.18 ns 0.24 ns -0.29 ns 0.38 ns

URE -0.01 ns 0.45 ns -0.49 ns 0.16 ns

ns non-significant, PHOS phosphatase, CBM carbon of the soil microbial biomass, ARYL arylsulfatase,

BETA b-glucosidase, FDA fluorescein diacetate hydrolysis, DEHYDR dehydrogenase, RES microbial res-

piration, URE urease
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occurred toward the re-vegetated areas, located at the top

of the chart, as indicated by the positive correlation be-

tween axis 2 scores and the 19:0cy/18:1x7 ratio (r = 0.73;

P\ 0.001). The axis 2 correlated negatively with RES

(r = -0.64; P\ 0.01) and positively with the enzymes

DEHYDR (r = .75; P\ 0.001) and URE (r = .53;

P\ 0.05), indicating that potential activity of these en-

zymes increased toward areas located at the top of the chart

(Fig. 4; Table 7). During the rainy season, there were no

correlations among the biological properties of the soil and

axis 2 (Table 7).

Discussion

Seasonal Effect on Soil Microbial Community

Structure

During the dry season, there was an increase in the

population of GPB compared to the number of GNB in the

sand dune areas. This result can be related to the fact that

gram-positive bacteria present thicker cell walls and are

able to form more spores; together, these characteristics

give them the capacity to tolerate this stressful condition

(Bérard et al. 2011; Kavamura et al. 2013; Uhlı́řová et al.

2005). This assumption is supported by Harrison and

Bardgett (2010) and Štursová and Baldrian (2011) who

reported that GPB populations tend to increase in com-

parison with those of GNB when soil localities suffer pe-

riods of low soil humidity. However, the proportions of

GNB tend to increase when stress situations have ceased

(Bardgett et al. 2001; Romaniuk et al. 2011). Other studies

also have shown that soil moisture regimes can have great

influence on the whole microbial communities (Bardgett

et al. 1999; Claassens et al. 2012; Swallow et al. 2009).

The microbial community structure in the natural dunes

was less affected by season than in the re-vegetated areas,

and this suggests a greater stability of the microbial com-

munities in the natural areas, probably as a result of the

greater maturity of the plant community in these areas. For

example, soil microbial communities sampled from natural

forests are more resistant to environmental changes (pH,

temperature, and soil moisture) than those found in soils in

the process of recovery (Hahn and Quideau 2013). Ac-

cording to these authors, these differences are due to a

complex and indirect system of interactions that occur

between soil and plants.

Effect of Re-vegetation on Soil Microbial

Community Structure

Even though re-vegetation contributed to recovery of the

microbial community, the results of this study showed that

the microbial composition of the re-vegetated areas, re-

gardless of the time of re-vegetation and sampling period,

still differed from the natural dune area. However, with

increasing age, the composition of the microbial commu-

nity became more similar to that found in natural areas.

Studies comparing microbial fatty acid profiles between

soils of native grasslands and restored grasslands have

shown that there was an increase in the quantities of

phospholipid fatty acid (PLFA) in the restored areas de-

pending on their age. However, even 24 years after the

beginning of restoration, the microbial profiles in these

areas were still different when compared to the native areas

(McKinley et al. 2005).

In our study, microbial community structure had re-

covered in the nine- and 21-year-old re-vegetation plots,

but it was not yet identical to the MCS of natural dunes. In

fact, some microbial components (associated with axis 2)

a
b

Fig. 4 Changes in soil microbiological properties of native dune and

re-vegetated sand dunes in response to different vegetational ages

according to NMS ordination. The symbols represent the centroid of

the samples under each condition of re-vegetation and sampling time

(n = 4). The horizontal and vertical bars indicate standard deviation

of the samples in relation to their centroids along axes 1 and 2,

respectively. NSD natural sand dune. a dry period. b rainy period;

year(s): time of re-vegetation
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are even more different in older areas from natural dunes

when these are compared to the area with 1 year of re-

vegetation. Some studies report that depending on the land

use, the microbial community structure of restored soil

though stabilized will never be the same as the microbial

community found in native soils (Huang et al. 2011; Jangid

et al. 2010).

In addition to showing positive effects on the microbial

communities in soils of mined dunes, re-vegetation pro-

moted the recovery of biological activity. The recovery of

microbial activity does not happen immediately, as ob-

served in the area with 1 year of re-vegetation, which was

clearly different compared with the other three areas

studied (Fig. 4). The exact time required for full recovery

is difficult to predict and depends on the environmental

conditions as much as the ecosystem in the process of re-

covery (Hahn and Quideau 2013).

With the exception of the Actinomycetes, which

population increased in the younger area only during the

rainy season, it was possible to observe an increase of

specific microbial groups toward the same areas in the two

seasons evaluated. As for Actinomycetes, assessments

made in places with different plant formations have shown

that the PLFA indicator of this group was found mainly in

the area of deciduous conifers, moister, and richer in or-

ganic matter (Swallow et al. 2009). The topsoil left over

from natural forest areas, used in the re-vegetation process

of dunes, is rich in plant debris (trunks, leaves, and roots),

which may have favored the increase in the population of

Actinomycetes in the rainy season due to moisture condi-

tions in this season. The growth of these microorganisms,

possibly, was benefited. These results suggest that in ad-

dition to the temporal changes, other factors such as age of

the locations and possible differences in the functioning of

plant development appear to be related to the changes in

the composition of the soil microbial community.

The increase in the quantities of AMF toward the natural

dune indicates that mycorrhizal symbiosis may have been

gradually restored in re-vegetated areas (Zhang et al.

2012). The community of AMF is described as having an

important role in the activity of plants, as well as in the

channeling of root-deposited C for the soil microbial

community (Balasooriya et al. 2014). This result may be

related to the fact that these microorganisms are directly

involved in the C flow from plants to soil. The AMF par-

ticipate in the transfer of soluble compounds of low

molecular weight from the root exudates, while saprophytic

fungi provide C through decomposition of litterfall, process

that requires the synthesis of various hydrolytic and ox-

idative enzymes (Criquet et al. 2000; Baldrian 2009).

Taking into consideration that the GPB were most ap-

parent in the season with little rainfall, where moisture

conditions were limiting, the increase of GPB occurred in

the areas in the older restoration process, in the two sea-

sons, and not in the younger areas. This result shows that

the analysis of the seasons together explains that the var-

iations of MCS occur due to soil moisture as limiting

factor, while the separate analysis of the seasons shows the

changes in MCS and their relationships with soil properties

as a function of the age of the areas.

The increase of GNB in the younger area, in the two

seasons, indicates the capacity of these organisms to utilize

simple C sources and to adapt quickly to different condi-

tions of adversity, being more tolerant to soil disturbances

than fungi (Bardgett et al. 2001; Carrasco et al. 2010;

Zhang et al. 2012). Changes in bacterial community com-

position are described as resulting from significant changes

in the plant community (Jangid et al. 2011).

Table 7 Pearson correlation

coefficients (r) among the soil

microbiological properties and

the scores of axes 1 and 2 of

NMS ordination in the dry and

rainy periods

Variables Dry Rainy

Axis1 NMS Axis 2 NMS Axis1 NMS Axis 2 NMS

19:0cy/18:1x7 0.41 ns 0.73*** 0.91*** -0.23 ns

PHOS -0.97*** 0.12 ns -0.85*** -0.10 ns

CBM -0.47 ns 0.04 ns -0.65** -0.47 ns

ARYL -0.86*** 0.13 ns -0.90*** -0.21 ns

BETA -0.69** 0.44 ns -0.88** -0.31 ns

FDA -0.86*** 0.35 ns -0.62** 0.49 ns

DEHYDR 0.18 ns 0.75*** -0.75*** -0.22 ns

RES 0.22 ns -0.64** -0.69** -0.14 ns

URE -0.52* 0.53* -0.78*** 0.26 ns

ns non-significant, PHOS phosphatase, CBM carbon of soil microbial biomass, ARYL arylsulfatase, BETA

b-glucosidase, FDA fluorescein diacetate hydrolysis, DEHYDR dehydrogenase, RES microbial respiration,

URE urease

* P\ 0.05; ** P\ 0.01; *** P\ 0.001
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The fungi/bacteria ratio (F/B) increased toward the

natural dune area and the area with 21 years of re-

vegetation, what could be related to better soil conditions

in these areas. In re-vegetated areas, the F/B ratio increased

consistently with the re-vegetation time and was correlated

with the increase in organic C, total P, total N, available P,

porosity, and other properties that indicate improvements

in soil quality of the re-vegetated areas (Zhang et al. 2012),

as observed in the present study. Besides, the increase in

quantities of fungi due to decreased levels of disruption

was reported by Allison et al. (2005) in prairie areas un-

dergoing recovery in the United States. Studies of managed

pasture areas showed that the proportion of F/B varies

gradually with the intensity of management, being higher

in the unfertilized areas and lower in fertilized areas; in this

case, the decrease in the amount of fungi occurs with

greater intensity of management and was responsible for

variation in the F/B ratio (Bardgett et al. 1999).

The increase in the stress indicator 19:0cy/18:1x7 oc-

curred toward the younger area, as indicated by the positive

correlation among the scores of axes 1 and this indicator,

during the rainy season (Fig. 2; Table 4). In mined areas,

19:0cy/18:1x7 ratio significantly decreased with time after

re-vegetation and with the improvement of soil nutrients

(Zhang et al. 2012). According to Claassens et al. (2012),

the increase of 19:0cy/18:1x7 ratio indicates higher levels

of stress in coal and asbestos discard areas.

Effect of Re-vegetation on Biological Properties

of the Soil and Its Relationship with the Soil

Microbial Community Structure

The negative correlations among the biological properties

and axis 1 scores indicate that there was an increase in

enzyme activity and MBC toward the reference area during

the seasons studied. The increase of these activities cor-

responded to the relative increase in the quantities of

saprophytic and AMF symbiotic fungi. The highest phos-

phatase activity observed on the reference area indicate the

important role of fungal populations in the P cycling,

which can be confirmed by the significant correlation be-

tween b-glucosidase activity and FAME biomarkers of

saprophytic fungi (decomposing of organic matter) and

AMF (increase P availability for plants) (Vallejo et al.

2012).

According to Baldrian et al. (2010), there is a high

correlation between the increase in the activity of hydrolase

enzymes and the F/B ratio, even when there is no corre-

lation with the increase in fungal community. The principal

factor that affects the production of enzymes in the soil is

the presence of microorganisms. The substrates and in-

ducers of the expression of enzymes (Baldrian et al. 2010),

soil quality, leaf litter, and the effects of the rhizosphere are

also important factors that can regulate the enzyme activity

in soils. The increase in microbial activity accompanying

the plant succession reflects a likely increase in the com-

plexity and diversity of the microbial community in soils of

areas in the recovery process (Fioretto et al. 2009). To-

gether with the successional changes, these microbial

communities and their activities are affected by temporal

fluctuations throughout the year (Baldrian et al. 2008).

The recovery of SMP was observed in the mined areas

with increased re-vegetation time, with the oldest area

appearing more similar to the natural dune area in the two

seasons. Microorganisms play fundamental roles that de-

termine productivity and nutrient availability in forest

ecosystems, being important in the establishment and

maintenance of soils in sustainable ecosystems (Badiane

et al. 2001; Brockett et al. 2012). This makes it necessary

to know how microbial communities, their structure, and

function change or may indicate changes in functioning of

environmental factors (Brockett et al. 2012), stress, and/or

the restoration process (Claassens et al. 2012).

Soil microbial processes can be influenced by changes in

the MCS resulting from seasonal variations (Bardgett et al.

1999). The correlations between enzyme activities (e.g.,

phosphatase activity) and microbial groups (e.g., sapro-

phytic fungi and AMF) indicate how changes in MCS

could affect soil functions, and consequently, important

ecosystem services such as nutrient cycling (Vallejo et al.

2012). It is believed that redundancy of functions happens

frequently in soils and, due to these functional redundan-

cies, a reduction in any microbial group has little effect on

the soil specific functions, since other microorganisms can

continue performing the functions (Brockett et al. 2012;

Claassens et al. 2012).

Conclusions

Although increased re-vegetation time results in a com-

munity structure generally closer to that of the original

dune, this new community seems to stabilize (no difference

between 9 and 21 years) without fully re-establishing the

structure found in the natural dune. Our results demonstrate

that changes in the MCS with re-vegetation time are related

to changes in the SMP. Some microbial groups (sapro-

phytic fungi and AMF) and enzymatic activities (acid

phosphatase and b-glucosidase) being sensible indicators

of the re-vegetation progress.

The seasonal variations affect MCS and the SMP in both

natural and re-vegetated areas, and in the dry period, the

effect of the re-vegetation time on SMP is more pro-

nounced. These results highlight the importance of sea-

sonal samplings in studies that aim to determine changes in

soil microbial communities in field conditions. However,

Environmental Management (2015) 55:1433–1445 1443

123



monitoring these areas for a longer period of time is re-

quired to confirm the trends observed and deepen knowl-

edge about the factors that control the community

composition in re-vegetated areas.
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