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Abstract In a previous study, remediation of anthra-
cene from soil was faster in the top 0-2 cm layer than
in the lower soil layers. It was not clear whether this
faster decrease was due to biotic or abiotic processes.
Anthracene-contaminated soil columns were covered
with black or transparent perforated polyethylene so
that aeration occurred but that fluctuations in water
content were minimal and light could reach (LIGHT
treatment) or not reach the soil surface (DARK
treatment), or left uncovered so that soil water content
fluctuate and light reached the soil surface (OPEN
treatment). The amount of anthracene, microbial
biomass C, and microbial activity as reflected by the
amount of CO, produced within 3 days were deter-
mined in the 0-2 cm, 2—-8 cm, and 8—15 cm layer after
0, 3, 7, 14, and 28 days. In the 0-2 cm layer of the
OPEN treatment, 17% anthracene remained, 48% in
the LIGHT treatment and 61% in the DARK treatment
after 28 days. In the 2-8 cm and 8-15 cm layer,
treatment had no significant effect on the dissipation of
anthracene from soil after 14 and 28 days. It was found
that light and fluctuations in water content stimulated
the removal of anthracene from the top 0-2 cm soil
layer, but not from the lower soil layers. It can be
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speculated that covering contaminated soil or pilling it
up will inhibit the dissipation of the contaminant.
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Introduction

Contamination of soil with hydrocarbons occurs
frequently due to accidents during extraction and
transport (Wilson and Jones 1993). Different tech-
niques have been applied to accelerate the removal of
hydrocarbons from soil (Morgan and Watkinson
1990). If the contamination is severe and the soil is
covered with petroleum, then this layer is first
physically removed (Riser-Roberts 1998). Surfactants
are sometimes used as they render hydrocarbons free
for microbial degradation, but chemical removal of
hydrocarbons is only sporadically used as it might
affect the soil microbial micro-organisms (Volkering
and Breure 1997). Organic material or earthworms
are added to contaminated soil or plants are cultivated
to accelerate removal of hydrocarbons from soil, but
autochthonous soil micro-organisms without any
interference are very effective in degrading hydro-
carbons, even the most recalcitrant ones, such as
polycyclic aromatic hydrocarbons (PAHs) (Straube
et al. 2003; Grant et al. 2007). For instance phenan-
threne and anthracene are rapidly dissipated from soil
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and even benzo(a)pyrene is removed from soil
(Atagana et al. 2003; Mueller and Shann 2006).

While studying removal of PAHs from an anthra-
cene-contaminated soil, it was found that the decrease
in the concentration of anthracene was faster in the
0-2 cm layer compared to the 2—12 and 12-22 cm
layer after 7 days (Betancur-Galvis 2005). It was not
clear which factors might have caused this difference.
Two factors might have interfered; light or fluctuations
in water content. Photons are known to accelerate
degradation of hydrocarbons, i.e., photodegradation,
so the effect of light would have been felt in the upper
soil crust but not in the deeper soil layer (Muszkat
et al. 1992). Fluctuations in water content will affect
microbial activity, aggregates stability, and organic
matter availability (Utomo and Dexter 1982). Micro-
bial activity decreases when a soil dries out, but
resumes rapidly upon wetting (Lund and Goksgyr
1980). Part of the soil organic matter is physically
stabilized within aggregates (Kalbitz et al. 2000).
Drying-rewetting will liberate part of that physical
stabilized organic material so that it becomes available
as C substrate for micro-organisms (Kieft et al. 1987).
The same will apply for hydrocarbons so that they will
become degradable (Leahy and Colwell 1990).

We wanted to investigate if light and/or fluctuation
in the water content of soil accelerated dissipation of
anthracene and how this affected microbial biomass.
Anthracene-contaminated soil columns were covered
with black or transparent perforated polyethylene so
that aeration occurred but that fluctuations in water
content were minimal and light could reach or not
reach the soil surface, or left uncovered so that the
effect of light and fluctuations in water content could
be studied in a greenhouse for 28 days, while concen-
tration of anthracene, soil microbial biomass, and
microbial activity were monitored. The objective of
this study was to investigate in depth, how sun-light
and dry-wetting cycles affected the removal of
anthracene from soil.

Materials and methods

Sampling site, collection, and characterization
of soil

Details of the sampling site located near the
ex-convent of Acolman in the State of México (N.L.
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19°38" W.L. 98°55’) at an altitude of 2,250 m above
sea level and with a mean annual temperature of
14.9°C and average annual precipitation of 624 mm
(mainly from June through August) can be found in
Betancur-Galvis et al. (2006). The soil was cultivated
mainly with maize and that for >20 years, receiving a
minimum amount of inorganic fertilizer without being
irrigated (http://www.inegi.gob.mx). Soil was sam-
pled at random by augering the 0—15 cm top-layer of
three plots of approximately 0.5 ha. The soil from each
plot was pooled separately, passed separately through
a 5-mm sieve so that three soil samples were obtained
and characterized. The size particle distribution in the
Acolman soil was 60 g sandkg ™', 270 gsiltkg ™', and
670 g clay kg™, and can thus be classified as a clayey
soil with pH 6.3 and electrolytic conductivity (EC)
0.8 dS m~ " and had a water holding capacity (WHC)
896 g kg™, organic C content 19.0 g kg™, and total
nitrogen content 1.4 g kg~'. The bulk density of soil
was 1.1 g cm ™ characteristic for a clayey soil (Brady
and Weil 1999).

Soil treatments, conditioning in the greenhouse
and sampling

Thirty-nine sub-samples of 1 kg soil from each plot
were amended with 15 ml dichloromethane contain-
ing 0.05 M anthracene. As such, the soil was
contaminated with 550 mg anthracene kg™ soil. The
sub-samples were placed under vacuum in a desiccator
for 30 min so that all dichloromethane was removed
from the soil and then added to polyvinyl chloride
(PVC) tubes (length 25 cm and J 10.5 cm). A 15 cm
soil layer was thus obtained. Three sub-samples of soil
sample from each plot were analyzed for microbial
biomass activity and soil microbial biomass C to
provide zero-time samples. Three treatments were
applied to the soil columns. Twelve PVC tubes were
left open at the top so that the top soil layer could dry
out and light could reach the soil (considered the
OPEN treatment). The soil was adjusted to 50% WHC
by adding tap water every other day. The columns
were closed with transparent polyethylene with small
perforations to avoid anaerobicity, but so that light
could reach the soil and fluctuations in water content
were kept to a minimum (considered the LIGHT
treatment). Twelve columns were closed with black
polyethylene with small perforations to avoid anaer-
obicity, so that no light could reach the soil and
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fluctuations in water content were kept to a minimum
(considered the DARK treatment), in the LIGHT and
DARK treatments ventilation was allowed by means
of small perforations in the plastic. Each other day in
the evening, 2 g of soil was taken from each soil
column, weighted and dried overnight at 100°C. The
next morning, the soil was weighted, the water content
calculated and the soil column adjusted to 50% WHC
as determined at the onset of the experiment when
necessary. No water was added to the soil in the
LIGHT and DARK treatments as the loss of water was
2.8% (12 g H,0O kg{l wet soil) in the LIGHT and 5.5%
(22 gH,0O kg71 wet soil) in the DARK treatment after
28 days. The OPEN treatment was amended with
water every other day as on the average 32% of water
was lost within 2 days. The soil columns were placed
in the greenhouse. After 3, 7, 14, and 28 days, three
PVC tubes were selected at random, the soil was
removed from the tube taking care that three soil layers
were obtained: the 0-2 cm layer, the 2-8 cm, and the
8-15 cm soil layer. Each of the soil layers from the
three soil columns of the three soil samples were
analyzed for microbial biomass C, microbial activity,
and concentration of anthracene.

Soil microbial biomass, anthracene concentration,
and microbial activity

Concentrations of anthracene in the soil were analyzed
using an ultrasonic extraction method developed by
Song et al. (1995). The 1.5 g sub-sample of soil was
mixed with 3 g of anhydrous sodium sulfate to form a
fine powder, placed in a PyrexTM tube and 12 ml
acetone was added. The tubes were placed in a
sonicating bath at 35-40°C for 20 min, mechanically
shaken on a vortex for 15 s, and sonicated again for
20 min. The extracts were separated from the soil by
centrifugation at 3,500 rpm for 15 min. This process
was repeated three times. The extracts were combined,
evaporated, and dissolved in 1 ml acetone. From each
tube, a 2.0-pl aliquot was immediately analyzed for
anthracene on a Hewlett-Packard 4890-D GC (USA)
fitted with a flame ionization detector. A HP-5 column
from Hewlett-Packard (USA) with length 15 m, inner
diameter 0.53 mm, and film thickness 1.5 pm was
used to separate the anthracene with carrier gas He
flowing at a rate of 7 ml min~'. The oven temperature
at 140°C was increased to 170°C at a rate of
2°C minfl, maintained at 170°C for 5 min and

increased to 280°C at 30°C min~' and maintained at
280°C for 10 min. The temperature of the injector was
280°C and that of the detector 300°C.

The percentage recovery of the anthracene was
tested by adding 1.5 g dry soil of each of the six soil
samples (in triplicate) to a PyrexTM tube and spiking
them with 520 mg anthracene kg~ ' dry soil. The
anthracene in the soil was then extracted for the
added anthracene as described above. The percentage
of recovery was 95%.

The CO, emitted after 3 days was used as an
indicator of the microbial activity in soil. Sub-
samples of 20 g soil of each of the three layers (0-
2 cm layer, the 2-8 cm and the 8-15 cm soil layer),
three treatments (OPEN, LIGHT, and DARK), and
the three plots were adjusted to 50% WHC and added
to 120 ml glass flask. The flasks were placed in
945 ml glass jars containing 10 ml distilled H,O and
a flask with 20 ml 1 M NaOH. An additional 12
flasks were incubated without soil. The CO, in flasks
incubated without soil accounted for the CO, in the
atmosphere. The jars were sealed and stored in the
dark for 3 days 22 4 2°C. After 3 days the jars were
opened, the flask with 1 M NaOH removed and the
CO, trapped determined. The CO, trapped in the
sodium hydroxide was titrated with hydrochloric acid
0.1 N through to pH 4 (Amato 1983).

The soil microbial biomass was measured with the
substrate induced respiration technique (SIR) (Ander-
son and Domsch 1978). Three sub-samples of 20 g
oven dry soil were added to 60 ml bottles and amended
with 1 g glucose kg~' soil. The bottles were closed
with plastic screw caps fitted with a septum and placed
on an incubator at 22°C for 150 min (Anderson and
Domsch 1978). After 30 and 150 min, the headspace
of each bottle was sampled and analyzed for CO, with
a GC. The CO, emitted between 30 and 150 min was
used to calculate microbial biomass C defined as
(Anderson and Domsch 1978):

SIR-biomass C (ugg ' soil) = (W1 CO, g 'soilh™})
x 40.04 + 0.37

Chemical and microbiological analyses

Soil pH was measured in 1:2.5 (W/V) soil-H,O
suspension using a glass electrode (Thomas 1996).
The total C in soil was determined by oxidation with
potassium dichromate and trapping the evolved CO,
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in NaOH and then titrate it with 0.1 M HCl (Amato
1983). Inorganic C in soil was determined by adding
20 ml 1 M HCI solution to 1 g air-dried soil and
trapping CO, evolved in 20 ml 1 M NaOH and then
titrate it with 0.1 M HCI to determine the CO,. The
organic C was defined as the difference between total
and inorganic C. Total N was measured by the
Kjeldhal method using concentrated H,SO,4, K>SOy,
and HgO to digest the sample (Bremner 1996) and
soil particle size distribution by the hydrometer
method as described by Gee and Bauder (1986).
The WHC was measured on soil samples water-
saturated in a funnel and left to stand overnight.

The CO, in the headspace of the bottles used to
measure the soil microbial C was measured on an
Agilent 4890D GC (USA) fitted with a thermal
conductivity detector (TCD) at 250°C. The HP-Plot
Q column (30 m x 0.32 mm) from Hewlett-Packard,
used to separate CO, from the other gases with the
carrier gas of He flowing at a rate of 5 ml min™' was
maintained at 32°C.

Statistical analyses

Significant difference for the treatment on concentra-
tions of microbial biomass C, CO, production within
3 days and anthracene concentration was determined
by analysis of variance (ANOVA) and based on the
least significance difference using the General Linear
Model procedure (PROC GLM) (SAS Institute 1989).
This procedure can be used for an analysis of variance
(ANOVA) for unbalanced data, i.e., when some data
are missing. Data presented were the mean of three soil
samples done in triplicate, i.e., n = 9.

Results

The removal of anthracene from soil was fastest
within the first 3 days of incubation (Fig. 1). On the
average 26% of anthracene was dissipated from soil
within 3 days. After 28 days, the concentration of
anthracene in soil was significantly larger in the
LIGHT treatment of the 0-2 cm layer than in the
DARK treatment, but lower than in the OPEN
treatment (P < 0.05) (Fig. 1a). After 14 and 28 days,
treatment had no significant effect on the dissipation
of anthracene in the 2-8 cm and 8-15 cm layer
(Fig. 1b, ¢). The layer had no significant effect on the
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Fig. 1 Concentration of anthracene (mg kg™' dry soil) in the
(a) 0-2 cm, (b) 2-8 cm, and (c¢) 8-15 cm layer of soil where
water loss was limited, but sun-light could reach it (LIGHT
treatment) (), where water loss was limited and soil was kept
in the dark (DARK treatment) (H), and where water content
fluctuated and sun-light could reach the soil (A) incubated
aerobically 22 + 2°C. Bars are standard deviations (n = 9)

removal of anthracene from soil except in the OPEN
treatment where the dissipation of the PAHs was
significantly larger from the 0-2 cm layer than from
the other two layers (P < 0.05). The amount of
anthracene decreased significantly over time depend-
ing on treatment and layer (P < 0.05).

The microbial biomass was 493 mg C kg™ ' soil at
the onset of the incubation. The microbial biomass,
i.e., mean of all treatments, was significantly 1.3
times larger after 3 days compared to the value found
at the onset of the incubation, significantly 1.1 times
larger after 7 and 14 days and similar after 28 days
(P < 0.05) (Table 1). The mean microbial biomass C
was 665 mg C kg™! soil in the 2-8 cm layer and
significantly 1.1 times larger than in the other two
layers (P < 0.05). The mean microbial biomass was
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Table 1 Microbial biomass C (mg C kg™' soil) in Acolman
soil where light could penetrate and water content fluctuate
(OPEN treatment), where light could penetrate but water

content not fluctuate (LIGHT treatment), and where light could
not penetrate and water content not fluctuate (DARK treat-
ment) incubated for 28 days

Layer Treatment Days LSD (P < 0.05)
3 7 14 28

0-2 cm OPEN 729 A* 532 B® 429 C° 156 D° 91
LIGHT 669 A® 584 AP 633 A® 593 A? 113
DARK 741 A 712 A® 746 A* 602 B 86
LSD (P < 0.05) 64 129 56 126

2-8 cm OPEN 792 A® 577 B® 564 B® 599 B° 65
LIGHT 654 A° 722 A 597 AP 712 A 125
DARK 754 A™ 658 AB™ 741 A* 626 B® 109
LSD (P < 0.05) 136 112 116 33

8-15 cm OPEN 734 A 534 B® 620 AB® 604 AB® 136
LIGHT 672 A™ 675 A® 548 B* 442 C® 67
DARK 579 B® 618 AB* 622 AB* 667 A® 61
LSD (P < 0.05) 97 71 96 116

Soil was contaminated with 550 mg anthracene kg™ soil and the initial microbial biomass C was 493 mg C kg~

* LSD: Least significant difference (P < 0.05)

! so0il

° Values with a different letter in the row are values significantly different over time (P < 0.05)

¢ Values with a different capital letter in the column are treatments significantly different from each other (P < 0.05)

572 mg C kg~' soil in the OPEN treatment and
significantly 1.2 times lower than in the DARK
treatment and 1.1 times than in the LIGHT treatment
(P < 0.05).

The emission of CO, was similar for the different
layers of the different treatments (Table 2). On the
average, the CO, production was 72 mg C kg~ soil
after 3 days and significantly 1.1 times larger than
found after 7 and 14 days and 1.4 times larger than
observed after 28 days (P < 0.05). Treatment and
layer had no significant effect on emission of CO,
over the 28-day period.

Discussion

Micro-organisms are known to remove anthracene
from soil (Mahmood and Rao 1993). The fastest
decrease in the amount of the contaminant in soil
normally occurs within the 1st days of contamination
(Betancur-Galvis et al. 2006). Késtner et al. (1999)
for instance reported that 20% of anthracene added to
soil was dissipated within 30 days and only 24% in
the next 146 days. In the experiment reported here,
on the average 26% of anthracene was removed from

soil within 3 days and only a further 22% in the
next 25 days. It can be speculated that most of
the anthracene was bioavailable in the 1st days of the
incubation and could thus be degraded by soil micro-
organisms. Reichenberg and Mayer (2006) suggested
that the bioavailability of contaminants depended on
two factors, its degradability and/or bio-accessibility.
On the one hand, dry-wetting liberates the contam-
inant initially, i.e., increase bio-accessibility. On the
other hand, anthracene gets fixed on the soil matrix,
i.e., organic matter, between aggregates and on soil
minerals, so that its dissipation decreased, i.e., its bio-
accessibility is reduced in the long run (Nam and
Alexander 2001). In the relative short incubation,
drying and wetting of soil released contaminants that
were not available for degradation otherwise. This
effect was only observed in the top 0-2 cm soil layer
where the drying—wetting effect was the most
extreme. As such, 83% of the anthracene was
removed from the 0-2cm top soil layer after
28 days. Additionally, in the OPEN treatment UV
might have contributed to the degradation of anthra-
cene. Photodegradation of organic components in soil
has not often been reported before, but it has been
reported in water. Bertilsson and Widenfalk (2004)
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Table 2 Emission of CO, (mg C kgfl soil) in Acolman soil
where light could penetrate and water content fluctuate (OPEN
treatment), where light could penetrate but water content not

fluctuate (LIGHT treatment), and where light could not
penetrate and water content not fluctuate (DARK treatment)
incubated for 28 days

Layer Treatment Days LSD (P < 0.05)
3 7 14 28

0-2 cm OPEN 214 C? 18.7 A® 12.4 B® 223 A? 8.2
LIGHT 28.4 B* 21.6 A™ 17.2 AB® 12.4 B® 11.1
DARK 38.1 A? 152 A° 23.0 AP 27.4 AP 5.7
LSD (P < 0.05) 5.6 13.0 9.5 8.2

2-8 cm OPEN 16.1 B 19.3 A* 16.3 B® 28.0 A* 12.2
LIGHT 304 A 18.0 A% 11.7 B 22.2 AB® 6.5
DARK 28.7 A® 19.1 A® 253 A* 16.4 B® 5.7
LSD (P < 0.05) 5.6 13.0 9.1 11.0

8-15 cm OPEN 37.1 A* 18.0 A% 8.7 A 242 AP 12.6
LIGHT 40.5 A* 21.1 A® 16.4 A* 10.6 B¢ 7.2
DARK 23.2 B* 19.6 A™ 14.5 A® 13.4 AB® 9.7
LSD (P < 0.05) 14.0 6.1 8.5 10.9

1

Soil was contaminated with 550 mg anthracene kg™ soil

* LSD: Least significant difference (P < 0.05)

° Values with a different letter in the row are values significantly different over time (P < 0.05)

¢ Values with a different capital letter in the column are treatments significantly different from each other (P < 0.05)

found that anthracene and other polycyclic hydrocar-
bons are degraded in aqueous media by solar
radiation.

In the experiment reported here, 83% of the
anthracene was removed from the 0-2 cm top soil
layer after 28 days. In the soil kept in the dark, only
39% of the anthracene was removed from soil within
28 days. As such, in soil where light could penetrate
and the water content fluctuated, changes in water
content contributed to 31% of the dissipation of
anthracene from soil and light for 13% assuming that
the type of plastic did not affect fluctuations in soil
water content. Margesin et al. (2000) reported that
light increased microbial activity. It might be assumed
that increased microbial activity increased removal of
anthracene.

Although the soil in the columns was kept under
aerobic conditions, i.e., the water content <50%
WHC, anaerobic microsites cannot be excluded. It
is well known that anaerobiosis reduces removal of
PAHs from soil compared to aerobic conditions
(Johnsen et al. 2004). Drying of the soil will decrease
water content, anaerobic conditions and thus accel-
erate removal of anthracene from soil. Decreases in
water content were absent in the other two treatments,
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so removal of anthracene might have been delayed in
anaerobic micro-sites. However, lack of water in soil
is also known to decrease microbial activity and that
might have inhibited removal of anthracene in the
OPEN treatment.

The effect of changes in water content and light
appeared to be mainly physical as the microbial
biomass C did not increase in the 0-2 cm layer of the
OPEN treatment. Contrarily, the biomass C decreased
in the 0-2 cm layer of the OPEN treatment over time.
The faster removal of anthracene from the 0-2 cm
layer of the OPEN treatment was neither related to
microbial activity. The emission of CO, within 3 days
which reflected microbial activity was on the average
not larger in the 0-2 cm layer of the OPEN treatment
compared to the LIGHT or DARK treatment.

It has been reported that degradation of PAHs
decreases under anaerobic conditions. For instance,
Mcnally et al. (1998) reported that the rates of
degradation of anthracene by pseudomonad strains
were generally slower under anaerobic conditions
compared to those under aerobic conditions. It
appears that the soil was sufficiently aerated and no
anaerobic conditions existed in soil as the removal of
anthracene was similar in the 8-15 cm soil layer of
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the OPEN treatment as in the 0-2 cm soil layer of the
DARK treatment. As such, anaerobicity did not affect
the removal of anthracene from soil in the experiment
reported here. No abiotic treatment was included in
this study so that possible changes in extraction
efficiency of anthracene could not be excluded. It can
be speculated, however, that those changes, consid-
ering the technique used, were small.

It is well known that treating a soil affects soil
microbial biomass (Jenkinson and Powlson 1976).
Soil sieving, drying and wetting, and freezing and
thawing increases microbial biomass (Winding et al.
1994; Feng et al. 2007; Ford et al. 2007). The
microbial activity as witnessed by the emission of
CO, decreased over time. Soil organic matter is
mineralized so the available substrate decreases over
time (Van Veen and Kuikman 1990).

Conclusion

It was found that removal of anthracene from the top
0-2 cm soil layer was faster than from the deeper soil
layers, i.e., 2-8 cm and 8-15 cm, when the top layer
was dried and rewetted and sun-light could reach it.
Photodegradation, and adsorption and desorption due
to drying and wetting of the soil accelerated the
removal of anthracene from the 0-2 cm top layer.
The effect of dry-wetting on removal of anthracene,
however, was more important than that of sun-light.

Acknowledgments E. V.-N. received grant-aided support
from ‘Consejo Nacional de Cienciay Tecnologia’ (CONACyT,
México). The research was funded by CONACyT project
39801-Z and ‘Secretaria de Medio Ambiente y Recursos
Naturales’ (SEMARNAT, Mexico) project 2002-C01-0054.

References

Amato M (1983) Determination of 12C and '*C in plant and
soil. Soil Biol Biochem 15:611-612. doi:10.1016/0038-
0717(83)90059-7

Anderson JP, Domsch KH (1978) Mineralization of bacteria
and fungi in chloroform-fumigated soils. Soil Biol Bio-
chem 10:207-213. doi:10.1016/0038-0717(78)90098-6

Atagana HI, Haynes RJ, Wallis FM (2003) Optimization of soil
physical and chemical conditions for the bioremediation
of creosote-contaminated soil. Biodegradation 14:297—
307. doi:10.1023/A:1024730722751

Bertilsson S, Widenfalk A (2004) Photochemical degradation
of PAHs in freshwater and their impact on bacterial

growth—influence of water chemistry. Hydrobiology
469:23-32. doi:10.1023/A:1015579628189

Betancur-Galvis LA (2005) Evaluacion de la fitorremdiacion
con Athel tamarix (Tamarix aphylla) y de la bio-
estimulacion por fertilizantes en suelos salino-alcailnos
del exlago de Texcoco contaminados con hidrocarburos
aromaticos. PhD Thesis, Cinvestav, Mexico

Betancur-Galvis LA, Alvarez-Bernal D, Ramos-Valdivia AC,
Dendooven L (2006) Bioremediation of polycyclic aro-
matic hydrocarbon-contaminates saline-alkaline soil of
the former Lake Texcoco. Chemosphere 62:1749-1760.
doi:10.1016/j.chemosphere.2005.07.026

Brady NC, Weil RR (1999) The nature and properties of soils.
Prentice Hall, Upper Saddle River, New Jersey 07458

Bremner JM (1996) Total nitrogen. In: Sparks DL (ed) Meth-
ods of soil analysis, part 3 chemical methods. Soil Science
Society of America Inc, American Society of Agronomy,
Madison, WI, USA, pp 1085-1122

Feng XJ, Nielsen LL, Simpson MJ (2007) Responses of soil
organic matter and microorganisms to reeze-thaw cycles.
Soil Biol Biochem 39:2027-2037. doi:10.1016/j.soilbio.
2007.03.003

Ford DJ, Cookson WR, Adams MA, Grierson PF (2007) Role
of soil drying in nitrogen mineralization and microbial
community function in semi-arid grasslands of north-west
Australia. Soil Biol Biochem 39:1557-1569. doi:10.1016/
j-s0ilbio.2007.01.014

Gee GW, Bauder JW (1986) Particle size analysis. In: Klute A
(ed) Methods of soil analysis, part 1 physical and miner-
alogical methods. Soil Science Society of America Inc,
American Society of Agronomy, Madison, WI, USA,
pp 383-411

Grant RJ, Muckian LM, Clipson NJW, Doyle EM (2007)
Microbial community changes during the bioremediation
of creosote-contaminated soil. Lett Appl Microbiol
44:293-300. doi:10.1111/j.1472-765X.2006.02066.x

Jenkinson DS, Powlson DS (1976) The effects of biocidal
treatments on metabolism in soil. V. A method for mea-
suring soil biomass. Soil Biol Biochem 8:209-213. doi:
10.1016/0038-0717(76)90005-5

Johnsen RA, Wick YL, Harms H (2004) Principles of micro-
bial PAH-degradation in soil. Environ Pollut 133:71-84.
doi:10.1016/j.envpol.2004.04.015

Kalbitz K, Solinger S, Park J-H, Michalzik B, Matzner E
(2000) Controls on the dynamics of dissolved organic
matter in soils: a review. Soil Sci 165:277-304. doi:
10.1097/00010694-200004000-00001

Kistner M, Streibich S, Beyrer M, Richnow HH, Frietsche W
(1999) Formation of boun residues during microbial
degradation of ['*C] anthracene in soil. Appl Environ
Microbiol 65:1834-1842

Kieft LT, Soroker E, Firestone MK (1987) Microbial biomass
response to a rapid increase in water potential when dry
soil is wetted. Soil Biol Biochem 19:119-126. doi:
10.1016/0038-0717(87)90070-8

Leahy JG, Colwell RR (1990) Microbial degradation of
hydrocarbons in the environment. Microbiol Mol Biol
Rev 54:305-315

Lund V, Goksgyr J (1980) Effects of water on microbial mass
and activity in soil. Microb Ecol 6:115-123. doi:10.1007/
BF02010550

@ Springer


http://dx.doi.org/10.1016/0038-0717(83)90059-7
http://dx.doi.org/10.1016/0038-0717(83)90059-7
http://dx.doi.org/10.1016/0038-0717(78)90098-6
http://dx.doi.org/10.1023/A:1024730722751
http://dx.doi.org/10.1023/A:1015579628189
http://dx.doi.org/10.1016/j.chemosphere.2005.07.026
http://dx.doi.org/10.1016/j.soilbio.2007.03.003
http://dx.doi.org/10.1016/j.soilbio.2007.03.003
http://dx.doi.org/10.1016/j.soilbio.2007.01.014
http://dx.doi.org/10.1016/j.soilbio.2007.01.014
http://dx.doi.org/10.1111/j.1472-765X.2006.02066.x
http://dx.doi.org/10.1016/0038-0717(76)90005-5
http://dx.doi.org/10.1016/j.envpol.2004.04.015
http://dx.doi.org/10.1097/00010694-200004000-00001
http://dx.doi.org/10.1016/0038-0717(87)90070-8
http://dx.doi.org/10.1007/BF02010550
http://dx.doi.org/10.1007/BF02010550

198

Biodegradation (2009) 20:191-198

Mahmood SK, Rao PR (1993) Microbial abundance and deg-
radation of polycyclic aromatic hydrocarbons in soil. Bull
Environ Contam Toxicol 50:486-491. doi:10.1007/BF
00191235

Margesin R, Zimmerbauer A, Schinner F (2000) Monitoring of
bioremediation by soil biological activities. Chemosphere
40:339-346

Mecnally DL, Mihelcic JR, Lueking DR (1998) Biodegradation
of three- and four-ring polycyclic aromatic hydrocarbons
under aerobic and denitrifying conditions. Environ Sci
Technol 32:2633-2639. doi:10.1021/es980006¢

Morgan P, Watkinson RJ (1990) Hydrocarbon degradation in
soil and methods for soil biotreatment. Crit Rev Bio-
technol 8:305-333. doi:10.3109/07388558909148196

Mueller KE, Shann JR (2006) PAH dissipation in spiked soil:
impacts of bioavailability, microbial activity, and trees.
Chemosphere 64:1006—-1014. doi:10.1016/j.chemosphere.
2005.12.051

Muszkat L, Halamann M, Raucherd D, Bir L (1992) Solar
photodegradation of xenobiotic contaminants in polluted
well water. J Photoch Photobio Chem (Kyoto) 65:409—
417

Nam K, Alexander M (2001) Relationship between biodegra-
dation rate and percentage of a compound that becomes
sequestered in soil. Soil Biol Biochem 33:787-792. doi:
10.1016/S0038-0717(00)00226-1

Reichenberg F, Mayer P (2006) Two complementary sides of
bioavailability: accessibility and chemical activity of
organic contaminants in sediments and soils. Environ
Toxicol Chem 25:1239-1245. doi:10.1897/05-458R.1

Riser-Roberts E (1998) Remediation of petroleum contami-
nated soils: biological, physical and chemical processes.
Lewis Publishers, Washington, DC

@ Springer

SAS Institute (1989) Statistic guide for personal computers
version 604. SAS Institute, Cary, NC

Song YF, Ou ZQ, Sun TH, Yediler A, Lorinci G, Kettrup A
(1995) Analytical method for polycyclic aromatic hydro-
carbons (PAHs) in soil and plants samples. Chin J Appl
Ecol 6:92-96

Straube WL, Nestler CC, Hansen LD, Rindgleberg D, Pritchard
PH, Jones-Meehan J (2003) Remediation of polyaromatic
hydrocarbons (PAHs) through landfarming with biosti-
mulation and bioaugmentation. Acta Biotechnol 23:179—
196. doi:10.1002/abio.200390025

Thomas GW (1996) Soil pH and soil acidity. In: Sparks DL
(ed) Methods of soil analysis, part 3 chemical methods.
Soil Science Society of America Inc, American Society of
Agronomy, Madison, WI, USA, pp 475-490

Utomo WH, Dexter AR (1982) Changes in soil aggregate water
stability induced by wetting and drying cycles in non-
saturated soil. Soil Sci 4:623-637

Van Veen JA, Kuikman PJ (1990) Soil structural aspects of
decomposition of organic matter by micro-organisms.
Biodegradation 3:213-233

Volkering F, Breure AM (1997) Microbiological aspects of
surfactant use for biological soil remediation. Biodegra-
dation 8:401-417. doi:10.1023/A:1008291130109

Wilson SC, Jones KC (1993) Bioremediation of soil contami-
nated with polynuclear aromatic hydrocarbons (PAHs): a
review. Environ Pollut 81:229-249. doi:10.1016/0269-
7491(93)90206-4

Winding A, Binnerup JS, Sorensen J (1994) Viability of
indigenous soil bacteria assayed by respiratory activity
and growth. Appl Environ Microbiol 60:2869-2875


http://dx.doi.org/10.1007/BF00191235
http://dx.doi.org/10.1007/BF00191235
http://dx.doi.org/10.1021/es980006c
http://dx.doi.org/10.3109/07388558909148196
http://dx.doi.org/10.1016/j.chemosphere.2005.12.051
http://dx.doi.org/10.1016/j.chemosphere.2005.12.051
http://dx.doi.org/10.1016/S0038-0717(00)00226-1
http://dx.doi.org/10.1897/05-458R.1
http://dx.doi.org/10.1002/abio.200390025
http://dx.doi.org/10.1023/A:1008291130109
http://dx.doi.org/10.1016/0269-7491(93)90206-4
http://dx.doi.org/10.1016/0269-7491(93)90206-4

	Impact of moisture dynamic and sun light on anthracene removal from soil
	Abstract
	Introduction
	Materials and methods
	Sampling site, collection, and characterization �of soil
	Soil treatments, conditioning in the greenhouse and sampling
	Soil microbial biomass, anthracene concentration, and microbial activity
	Chemical and microbiological analyses
	Statistical analyses

	Results
	Discussion
	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


