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Abstract Litter from Amorpha fruticosa, a potential
phytoremediating plant, was collected and used in a decom-
position experiment that involved the litterbag in soil polluted
by crude oil. The dynamics of the biological properties of soil
and the nutrient release of the litter were detected. The results
indicated that (1) in lightly polluted soil (LP, petroleum con-
centration was 15 g kg™"), the bacteria (including actinomy-
cetes), and fungi populations were significant higher than
those in unpolluted soil (CK) at the 1st month after pollution,
and the bacteria (including actinomycetes) populations were
higher than those in the CK at the 6th and 12th months. In
moderately polluted soil (MP, 30 g kg ), the bacteria (includ-
ing actinomycetes) populations were higher than those in the
CK at the 1st and 6th months, whereas only the actinomycetes
population was greater than that in the CK at the 12th month.
In seriously polluted soil (SP, 45 g kg™ "), only the fungi
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population was higher than that in the CK at the 6th month.
(2) The activities of soil protease, carboxymethyl cellulase,
and sucrase were generally inhibited in polluted soil.
Peroxidase activity was generally inhibited in the LP and
MP soil, and polyphenol oxidase activity was inhibited in
the SP soil at 612 months. (3) At the end of litter decompo-
sition, the LP soil significantly increased the release rate of all
nutrients, except for K. The MP soil reduced the release rate of
Fe and Mn, whereas it increased that of C and Cu. The SP soil
decreased the release rate of all nutrients except for Cu and Zn.
In conclusion, SP by crude oil would lead to limitations in the
release of nutrients from the litter and to decreases in the
community stability of a phytoremediating plant.
A. fruticosa could only be used in phytoremediation of pollut-
ed soil at concentrations below 45 g kg ' (crude).

Keywords Crude polluted soil - Enzyme activity - Microbes -
Litter - Nutrient release

Introduction

Soil pollution caused by the spilling of crude oil during ex-
ploitation and transportation has become a severe environ-
mental problem in recent decades and threatens the ecological
safety of producing areas. Crude oil can cause serious distur-
bances in soil properties, such as blocking soil pores, a de-
crease in permeability, and alterations of the composition and
structure of organic matter (Andrade et al. 2004).
Simultaneously, crude oil can cause a remarkable decrease
in the availability of soil nutrients by its combination with
nitrogen (N) and phosphorus (P) and its inhibitory effects on
nitrification and dephosphorylation, which led to obvious im-
balances in the soil C/N and C/P ratios (Ogboghodo et al.
2004; Wang et al. 2010). In addition, soil microbes and
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enzymes that are directly exposed to crude pollutants are not
only directly affected by the toxic effects of the crude but also
secondarily stressed by alterations in the physical and chemi-
cal properties of the soil. Because the population, activity, and
community structure of microbes and soil enzyme activities
are highly sensitive to the changes in the environment and
because they play key roles in the self-restoration ability of
soil, they have been extensively studied. For instance, Kirk
et al. (2005) reported that the rhizosphere of Lolium perenne
can accelerate the growth of petroleum degrading microbes.
Liu et al. (2014) investigated the promotional effect of Fire
Phoenix grass on soil dehydrogenase and polyphenol oxidase
activities and recommended this species as a
phytoremediating plant for soil polluted by crude oil.
Maliszewska-Kordybach and Smreczak (2003) and Kirk
et al. (2005) detected the responses of dehydrogenase and
urease activities, soil respiration, and microbial biomass to
petroleum components and used them to estimate the
degrees of soil contamination. Guo et al. (2012) suggested
that the populations and activities of cultivable microbes and
soil urease activity can be used as indicators to assess the self-
restoration ability of the soil. Similarly, Ma et al. (2014) re-
ported that soil urease, sucrase, and polyphenol oxidase activ-
ities can be used in such assessments.

Most of the aforementioned studies focused on the deter-
mination of microbial and enzymatic properties in petroleum
contaminated soil and analyzing their relations with petroleum
degradation. The results were applied to evaluate the environ-
mental effects of crude oil pollution and the effectiveness of
restoration technologies, and potential restoration species (in-
cluding microbes and plants) were subsequently screened
based on these evaluations (Andreoni et al. 2004; Blakely
et al. 2002; Joshi et al. 2010). However, few studies evaluate
the long-term influence of crude oil pollution on ecological
processes and ecological functions, such as the nutrient cycle
of ecosystems.

Changes in soil properties might result in the destruction of
ecological functions of forest/grassland ecosystems and may
cause more severe consequences. As mentioned above, the
decreases in the microbe population and enzyme activities
(Rahn 2012) and the alteration of microbial functional diver-
sity (Thavamani et al. 2012) might hinder litter decomposition
and nutrient release processes, which were strongly controlled
by microbial and enzymatic properties. These would conse-
quently lead to a slow down or interruption of the nutrient
cycle in the plant—soil system and threaten the stability of
the ecosystem. Many studies have investigated the adaptabil-
ity and restoration ability of plants in soil contaminated by
petroleum (Bento et al. 2012; Bramley-Alves et al. 2014),
though the influences of petroleum on litter decomposition
and nutrient release are still unclear. Thus, the long-term avail-
ability and stability of phytoremediation needs to be further
studied.
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A. fruticosa L. is a main shrub species that is distributed in
the crude oil-producing area of North Shaanxi, China. It also
has been proved as an available phytoremediating species for
its benign resistance, enrichment, and translocation abilities
for crude oil in polluted soil (Zhang 2013). With the poor
nutrient content of the local soil, litter was the main source
of nutrients for the plant community. Hence, whether the
A. fruticosa could form stable communities and have long-
term eco-environment benefits depended greatly on the influ-
ences of soil pollution on the decomposition of plant litter and
nutrient release processes. In this study, the enzyme activities
that decompose litter, microbe populations, and nutrient re-
lease from the litter of 4. fruticosa were determined. We aimed
to assess the damaging risks of crude oil pollution to the bio-
logical properties of soil and the stability of the
phytoremediating plant community.

Materials and methods
Sampling

In the late autumn of 2012, ten quadrats (1 mx 1 m size) were
established within a wasteland of the Yujiaping Oil Field,
Northern Shaanxi, China. Plant litter and other sundries were
removed from the ground surface, and a 0—10-cm layer of soil
was collected. The soil samples were homogenized after re-
moving the stones and animal/plant debris and were then
passed through a 5-mm sieve for storage. Fresh litter of well
grown A. fruticosa was gathered in the sampling area. The
litter that was decayed or infected by diseases or pests was
discarded, and the remaining litter was rinsed rapidly and oven
dried at 60 °C. The crude samples were bought from the
Yujiaping Oil Field.

Preparation of crude oil contaminated soil

Twelve subsamples of the soil samples (2.5 kg dry weight per
part) were prepared. Three of them were used as the control
(CK). Next, crude oil was added to the remaining samples at
concentrations of 15, 30, and 45 g kg !, respectively.
Contaminated soils were then repeatedly kneaded (to avoid
their influences on soil properties, no organic solvent
was used) and were incubated in place for two days
to acquire homogenized slightly polluted (LP, petroleum
concentration was 15 g kg '), moderately polluted (MP,
30 g kg'), and seriously polluted (SP, 45 g kg ') me-
dia. Each type of medium was prepared for three repli-
cations, placed in 40 cmx30 cmx20 cm plastic box-
type pots, respectively, and was used for the testing of
litter decomposition.
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Litter decomposition

Sixty samples of litter from A. fruticosa with a weight of
5.00 g were prepared and placed into nylon mesh litterbags
(size, 14 cm %20 cm; mesh diameter, 0.5 mm). Five of these
bags were buried in one pot and uniformly separated from
each other (to obtain a sufficient connection with the soil) to
form a treatment. Every treatment had three replications (three
pots containing the same media, with five litter bags buried in
each pot).

Second, distilled water was uniformly added to the soil
media to adjust the soil moisture to 50 % of the saturated field
water capacity and weighed. Plastic films with four vents
(?1.5 cm) covered the pots to control excessive evaporation
and provide air for the microorganisms. To keep the soil mois-
ture constant, distilled water was added weekly according to
the weight loss of each pot. Based on these methods, the litter
was incubated for 1 year at room temperature (20-25 °C).

Litterbags were harvested in the 1st, 3rd, Sth, 9th, and 12th
months during the decomposition testing (because the litters
presented relatively fast decomposition in the early stages, the
litterbags were harvested more frequently in the first half-
year). When retrieving the litter, one litterbag was harvested
from each of the three pots with same treatment, and every
litterbag was randomly selected from the five within the same
pot. The litter residues were then placed in sieves (mesh size,
0.05 mm) and rinsed rapidly to remove the soil, hypha, and
other sundries. Cleaned litter residues were oven dried at
60 °C and accurately weighed.

Determination of soil biological properties

The microbe populations and activities of litter-decomposing
enzymes were determined at the 1st, 6th, and 12th months of
the decomposition testing. The soil samples used for these
determinations were collected from near the litterbags.
Simultaneously, the remaining soil near the litterbags was
used to cover the litterbags to keep the decomposition medium
properties approximately constant.

Microorganism populations were determined using a plate-
count technique (bacteria-beef extract peptone agar culture
medium, fungi-potato dextrose agar culture medium,
actinomyces-GAO st synthetic culture medium with 1 %
K,Cr,07; Nanjing Institute of Soil Science 1985).

The soil protease activity was determined by ninhydrin
colorimetry; urease by indophenol colorimetry; sucrase, amy-
lase, and carboxymethyl cellulose by 3,5-dinitrosalicylic acid
colorimetry; {3-1,4-glucosidase by nitrophenol colorimetry;
xylanase by iodometry; alkaline phosphatase by disodium
phenyl phosphate colorimetry; catalase by titrimetry; peroxi-
dase and polyphenol oxidase by pyrogallol colorimetry; and
dehydrogenase by triphenyltetrazolium chloride colorimetry
(Guan 1986).

Determination of litter nutrient contents

First, undecomposed litter (reserved after sampling) and litter
residues were digested using a mixture of H,SO,4 and H,0,.
Then, the N concentration of the litter or litter residues was
determined using an AA3 continuous flow analytical system
(Bran Luebbe, Germany), P was determined by the
phosphovanadicmolybdic colorimetric method using a UV-
2450 UV-VIS spectrophotometer (Shimadzu Corporation,
Japan), and K was determined by a flame photometer (BMB
Technologies UK LTD.). Second, the concentrations of micro-
elements (Cu, Zn, Fe, Mn, Ca, and Mg) were analyzed by a Z-
2000 polarized Zeeman atomic absorption spectrophotometer
(Hitachi, Tokyo, Japan) after the samples were ashed and dis-
solved by 1 mol/L HCI. The nutrient content was calculated
by the nutrient concentrations and the dry weights of the litter
or residues (Bao 1996).

Data analysis

The IBM SPSS 19.0 software was employed to analyze the
significance of the differences between the CK and treatments
using the one-way analysis of variance method (the least sig-
nificant difference method was employed for post hoc analy-
sis), and the level of significance testing was P<0.05. The
SigmaPlot 12.5 software was used for drafting.

Results

Population dynamics of microbes in soil polluted by crude
oil

Soil microorganisms are the most important decomposers of
organic debris and control the nutrient release from the litter.
The populations of soil cultivable bacteria (including actino-
mycetes) and fungi were noticeably affected in soil polluted
by crude oil during litter decomposition (Fig. 1). The LP soil
significantly accelerated the growth of bacteria (including ac-
tinomycetes) and fungi at the 1st month after pollution, and it
caused an increase in the populations of bacteria and actino-
mycetes at the 6th and 12th months, respectively. The MP soil
significantly accelerated the growth of bacteria (including ac-
tinomycetes) at the 1st and 6th months after pollution, but it
only promoted the reproduction of actinomycetes at the 12th
month. The SP soil only led to a significant increase in the
fungi population at the 6th month. However, the promoting
effects of crude oil on microbes weakened with the increases
in duration. Within the stages in which the microbial popula-
tions were significantly affected by crude contamination, the
promoting effects of petroleum on bacteria were generally
weakened with the increase in the concentration of crude oil
in early stages of decomposition, which even changed to non-
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Fig. 1 Dynamics of microbe populations in soil polluted by crude oil. Note: CK control, LP lightly polluted, MP moderately polluted, SP seriously
polluted. Different letters in the same column indicate significant differences between treatments and CK at the 0.05 level, the same below

significant inhibition. Actinomycetes and fungi did not show
regular responses to the increase in crude concentration: The
MP soil always showed the most significant promoting effects
on actinomycetes, whereas the LP and SP soils only showed
weaker promotions, and their impacts did not show significant
differences in general (except for the early stages of decom-
position). For fungi, the LP and SP soils showed significant
positive effects at the 1st and 6th months, respectively, where-
as the MP soil did not affect it remarkably.

Dynamics of enzyme activity dynamics in soil polluted
by crude oil

Soil enzymes play key roles in both litter decomposition and
crude oil degradation processes, and they are quite sensitive to
environmental changes in the soil. After pollution, the en-
zymes associated with litter decomposition and nutrient cy-
cling were variably affected (Fig. 2). The activities of prote-
ase, sucrase, and alkaline phosphatase were significantly
inhibited (P<0.05, the same below), whereas those of urease,
amylase and xylanase were accelerated in LP soil at the 1st
month after pollution. Soil protease, carboxymethyl cellulase,
sucrase, and peroxidase activities were inhibited, whereas
xylanase activity was promoted at the 6th month after pollu-
tion. At the 12th month after pollution, soil protease,
carboxymethyl cellulase, sucrase, polyphenol oxidase, and
peroxidase activities were significantly decreased, whereas
the activities of alkaline phosphatase and catalase were
accelerated.

In the MP soil, significant increases in alkaline phospha-
tase, peroxidase, and dehydrogenase activities were observed
at the 1st month, though the amylase activity was the opposite.
The soil carboxymethyl cellulase, sucrase, peroxidase, and
catalase activities were remarkably inhibited at the 6th month,
though the polyphenol oxidase activity was weakened. At the
end of pollution (12th month), the protease, urease,
carboxymethyl cellulase, sucrase, and xylanase activities were
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noticeably reduced, and the {3-1,4-glucosidase and catalase
activities were increased.

Significant reductions in protease and catalase activities
and increases in urease, amylase, xylanase, and peroxidase
activities were observed at the 1st month in the SP soil. At
the 6th month, the soil sucrase, polyphenol oxidase, and
carboxymethyl cellulase activities were significantly
inhibited. At the end of the pollution duration, protease,
carboxymethyl cellulase, sucrase, polyphenol oxidase, and
dehydrogenase activities were inhibited, whereas the activities
of xylanase, alkaline phosphatase, and catalase were
increased.

Compared with microbial populations, the impacts of crude
on soil enzyme activities showed unpredictable trends as the
crude oil concentration increased. The activities of neither a
single enzyme nor the enzyme groups that participated in a
particular decomposition stage showed an obvious alteration
trend.

Dynamics of litter nutrient release in soil polluted by crude
oil

Crude oil pollution represented remarkable and complex im-
pacts on the nutrient release process of A. fruticosa litter
(Fig. 3). During decomposition, a small dose of crude oil
significantly decreased the K release at the 1st month, but
accelerated the release of Cu, Zn, and Fe. At the 3rd month,
the LP soil hindered the release of C, K, Mn, and Mg, but
accelerated the release of P and N. At the 5th month, the
release of P, Cu, Zn, and Mg were promoted, and all of the
nutrient release rates were remarkably increased at the 9th
month (P<0.05). After 1 year of decomposition, the LP soil
significantly increased the final release rates of all nutrients
except for K.

During the decomposition, the MP soil only significantly
decreased the release of K and N at the 1st month, but accel-
erated the release of Zn and Fe. At the 3rd month, the MP soil
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Fig. 2 Dynamics of enzyme activities in soil polluted by crude oil

hindered the release of K, P, and Mg, but accelerated the
release of C, N, Cu, Zn, Fe, and Ca. At the 5th month, only
the release of Mn was inhibited, whereas the release of P and
N was promoted. At the 9th month, significant reductions in
the release of K, Fe, and Mn and increases in the release of P,
N, Cu, and Zn were observed. However, the MP soil signifi-
cantly reduced the final release rate of Fe and Mn, while it
increased the release rates of C and Cu after 1 year of
decomposition.

In the SP soil, crude oil only showed obvious inhibitory
effects on the release of K, but it strongly promoted the release
of C, Cu, Zn, Fe, and Mn. However, a large dose of crude oil
represented extensive and noticeable inhibitions. The release
rates of C, K, N, Fe, Mn, and Mg were significantly reduced,
though only the release of Cu was promoted in the early peri-
od of decomposition (3rd month). At the 5th month, the re-
lease rates of C, Fe, Mn and Ca were significantly reduced, but
the release rates of P, Zn, and Mg were increased. At the late
stage of decomposition (9th month), all of the nutrient releases
were remarkably decreased. Generally, the final release rates
of all elements except Cu and Zn were significantly decreased
at the end of the decomposition process.

The impacts of petroleum contamination on nutrient re-
lease were irregular as the petroleum concentration increased
in the early stages (1-5 months). However, in the late stages
(9-12 months), petroleum showed an obvious trend of
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changing from a significant acceleration to inhibitory effects
on the final litter nutrient release rates: the LP soil primarily
showed significant accelerating effects, the MP soil rarely
showed significant effects; its integrated effects were not ob-
vious (inhibited two types of nutrient release while promoted
another 2 types), and the SP soil significantly reduced the
nutrients release rates as a whole.

Discussion and conclusion

Effects of crude oil pollution on the biological properties
of soil

Microbes

Many studies have demonstrated that microbial properties are
inhibited in soil polluted by crude oil (Eze et al. 2013; Serrano
etal. 2009) because they were not only stressed by the toxicity
of the crude oil in their direct exposure to pollutants but also
indirectly influenced by changes in soil aeration, moisture
conditions, nutrient availability, and pH after pollution.
However, our results demonstrated that during 1 year of
pollution, crude oil did not significantly inhibit microbes. In
contrast, it accelerated the reproduction of some or all of the
three groups of microorganism at different stages, which was
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contrary to the findings of Eze et al. (2013) but agreed with ~ recover in the short term (Robertson et al. 2010). As an exam-
those reported by Franco et al. (2004), Liu et al. (2007), and  ple, McKinley et al. (2003) stated that the energy metabolism
Joshi et al. (2010). Because microorganisms have benign en-  can be restored to the former level or higher in only 4-8 h after
vironmental adaptability, their populations can quickly  petroleum contamination. It might be due to the carbon
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sources provided by the petroleum contamination. These var-
ious carbon sources in large doses can accelerate the growth of
microbes, especially petroleum-degrading species (Blakely
et al. 2002; Tejada and Gonzalez 2007; Trevors 2010).

We observed a decrease in the accelerating effects of crude
oil on microbes over time. This effect might be caused by the
decrease in the easily utilized components in crude oil after
long-term degradation (Zhou et al. 2012). For instance, Yu
et al. (2015) stated that after being incubated for six months,
the concentration of petroleum hydrocarbons in the polluted
soil with added leaf litter can be reduced by 34.99-67.57 %.
Microbes had difficulty in using the more toxic residues, and
the accelerating effects of crude on microbes thus decreased
(Pan et al. 2011; Zhou et al. 2012). Our results revealed that
only fungi populations increased in the SP soil at the 6th
month after pollution, whereas fungi was observed as the main
microbial group degrading the recalcitrant, pentacyclic, or
polycyclic toxic hydrocarbons (Blakely et al. 2002). Thus,
our results proved the mentioned hypothesis.

The accelerating effects of crude oil on bacteria weakened as
the crude concentration increased, which is similar to that re-
ported by Eze et al. (2013). As the crude concentration in-
creased, the bio-toxicity also increased. Though it was still
within the resistance threshold of the indigenous tolerant mi-
crobe groups, crude oil might have affected the speed and via-
bility of reproduction and caused decreases in their populations
(Serrano et al. 2009). Simultaneously, a large dose of crude oil
can remarkably change the physical and chemical environment
of the soil, hinder the oxygen, water, and nutrient acquisition of
microbes and thus inhibit their growth (Robertson et al. 2007).
However, the responses of the other two microbial groups to the
increasing crude concentration were quite different from bacte-
ria. For instance, the MP soil showed the most significant ac-
celeration during the entire incubation period, whereas fungi
were only significantly accelerated in the LP and SP soils.
This might be caused by the differences in the biological prop-
erties among the microbial species (Qasemian et al. 2012a, b).
The variable environmental conditions in the LP, MP and SP
soils might thus lead to the alteration of dominance in the mi-
crobial community and the bloom of some microbe species.
Interestingly, the population of microbes at times did not show
significant differences among the three types of soil polluted by
crude oil, and this phenomenon always occurred in the late
incubation stages (12th month for bacteria and fungi). The deg-
radation of pollutants might be responsible for this phenome-
non, which indicates that the dynamics of soil microbial prop-
erties were simultaneously controlled by the concentration of
crude oil and the duration of the pollution.

Enzyme activities

Our results demonstrated that soil enzyme activities were con-
siderably affected by crude oil, but that the influences showed

obvious randomness as the crude oil concentration and
incubation duration increased. In the three levels of pollution,
protease, carboxymethyl cellulase, and sucrase were generally
inhibited. Peroxidase was mainly inhibited in the LP and MP
soil, and polyphenol oxidase was mainly inhibited in the SP soil
in the moderate and late stages. Ma et al. (2014) and Lv et al.
(1997) stated that after being exposed to petroleum in the envi-
ronment, soil urease, protease, sucrase, and dehydrogenase
activities were obviously reduced, whereas the polyphenol
oxidase activity was increased. Our results were in line with
their findings but were in contrast with those of Shen et al.
(2005) and Qasemian et al. (2012a, b). Shen et al. (2005) stated
that pollutants only show temporary inhibitory effects on soil
enzymes, and the enzyme activities can recover after a period
of time as the microbial populations and activity recuperate.
Qasemian et al. (2012a, b) suggested that petroleum pollutants
can increase the activity of the lignocellulolytic enzymes of fun-
gi. However, our results illustrated that crude pollution showed a
significant and lasting negative effects on soil enzymes, includ-
ing lignocellulolytic enzymes (hydrolase and oxidordeuctase).
This might be caused by the inhibitory effects of crude oil on
the microbes that participate in the cycling of soil nutrients.
Crude can cover enzyme—mineral complexes and isolate them
from the decomposition substrate (Serrano et al. 2009). In addi-
tion, pollutants can change the molecular structure of enzymes
and destroy their functions (Wyszkowska and Wyszkowski
2010). Furthermore, alterations to the pH caused by pollution
might exceed the optimum range of enzymes and thus inhibit the
expression of their activities. In contrast to the aforementioned
enzymes, Xylanase activity was generally promoted in the LP
and MP soil. Amylase activity was generally promoted in all
soil, and alkaline phosphatase and catalase activities were gen-
erally promoted at the late stages of the pollution duration, which
were supported by the investigation of Qasemian et al. (2012a,
b). We hypothesized that in the early stages of pollution, mi-
crobes might first utilize the easily obtained carbon source from
the litter and thus cause an increase in amylase activity. In the late
stages, however, P availability sharply decreased, and the strong
toxicity of crude oil pollutants caused reactive oxygen damage to
microbes. Thus, the microbes were forced to secrete alkaline
phosphatase and catalase to obtain P sources and mitigate the
damage. Although a few studies have indicated that
lignocellulolytic enzymes and oxidordeuctase (such as polyphe-
nol oxidase, peroxidase, catalase, and dehydrogenase) can cata-
lyze the degradation of petroleum, we did not detect obvious
increases in these enzymes’ activities (except for xylanase).
The high crude concentration might be liable for this.

Effects of crude oil pollution on the release of nutrients
from the litter

Our results showed that the effects of crude oil on the release
of nutrients from A. fruticosa litter were variable as the
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concentration of crude oil and the duration of decomposition
increased from the 1st to the 5th month. This finding indicated
that the impacts of crude oil on litter decomposition were not
constant because crude oil would noticeably disturb the bio-
logical properties of the soil (such as dominant species of
microbes and enzyme activities, Serrano et al. 2009; Eze
etal. 2013, Rahn 2012). However, in the late stages of decom-
position (9—12 months), the impacts of crude oil on the release
of nutrients showed an obvious trend. In general, the LP soil
showed a significant promoting effect on the release of nutri-
ents as a whole; the MP soil did not noticeably affect the
overall release of nutrients; and in the SP soil, crude pollution
tended to substantially inhibit the release of nutrients and it
hindered almost all nutrient release. A correlation analysis
indicated the final release rates of several nutrients had a sig-
nificant positive relationship with the bacteria and fungi pop-
ulations (populations detected at the 1st month, Pearson’s cor-
relation coefficients ranged from 0.958 to 0.986, P<0.05,
unpresented data). Thus, the low final nutrient release rates
of litter in the MP and SP soil (see Fig. 3) might be partly
caused by the lower population of bacteria and fungi at the 1st
month of decomposition (see Fig. 1).

To be specific, in LP soil, there was only a low concentration
of toxic components, and the growth of microbes was acceler-
ated. However, microbes might tend to directly utilize the nutri-
ents released from litter for their physiological needs but not let
the nutrients be released (Schimel and Hattenschwiler 2007).
Thus, in the early stages of decomposition, crude oil pollution
only led to an increase in microelements (which was relatively
not heavy demanded) but did not obviously influence the release
of macro elements. At the moderate or late stages of decompo-
sition, the available carbon source was lacking (a small dose of
crude oil was degraded and litter decomposition was approxi-
mately completed), the population of microbes was reduced
sharply, and the nutrients that were immobilized in the microbes
that colonized the litter were released. Consequently, the nutrient
release in the moderate and late stages was relatively promoted.
However, these accelerating effects would be weakened as the
crude oil concentration increased. Compared with a small dose
of crude oil, a large dose showed lasting heavy toxicity and
environmental stresses (or screening effects) to microbes and
was more likely to cause a decrease in microbial activity and
the alteration of microbial community structure (Serrano et al.
2009). For instance, Thavamani et al. (2012) stated that the
microbes mainly utilizing hydrocarbons become the main spe-
cies in petroleum contaminated soil. In addition, our results re-
vealed that many types of litter-decomposing enzyme activities
were considerably inhibited in the SP soil, such as sucrase
(mainly participate in moderate stage of decomposition), prote-
ase (moderate and late stages), and carboxymethyl cellulase,
dehydrogenase, and polyphenol oxidase (late stage). These
might be responsible for the inhibitions that occurred at the
moderate and late stages of the release of litter nutrients.
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Certainly, there were also some types of enzymes whose activ-
ities were significantly accelerated. However, in these enzymes,
oxidordeuctase, e.g., polyphenol oxidase and catalase, partici-
pates in both the decomposition of litter and the degradation of
crude oil (Berg and McClaugherty 2014; Qasemian et al. 2011),
and thus, the increases in their activities did not inevitably mean
that the decomposition of the recalcitrant portion of the litter
could be promoted, and it could just be a result caused by the
induction of crude oil pollutants (Cajthaml et al. 2008; Liu et al.
2014; Ge et al. 2013). In addition, the decomposition and nutri-
ent release were controlled by a variety of enzymes and micro-
organisms, whereas crude pollution usually showed inhibitory
and promoting effects on them. These enzymes could participate
in the same litter decomposition stages. For example,
carboxymethyl cellulase, polyphenol oxidase, and dehydroge-
nase activities were significantly reduced in the late stage in the
SP soil, whereas xylanase and catalase activities were simulta-
neously accelerated. Hence, the final effect of crude oil pollution
was due to the affected degrees of a variety of enzymes.
Furthermore, microbes need large amounts of N, P, and other
nutrients from the litter for degradation of crude oil pollutants
which had high C/N and C/P ratios, and thus, would secrete a
large number of enzymes related to nutrient cycling and promote
their activities (e.g., alkaline phosphatase activity was increased
in the late stage of decomposition). However, the nutrients could
be directly utilized by the microbes colonizing the litter but not
be released. Based on the aforementioned facts, increases in the
activity of a few types of enzyme might only show quite limited
promoting effects on processes of litter nutrient release.
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