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a b s t r a c t

To understand the further impacts of multiple stressors in freshwater, we investigated the effects of
heavy metal (HM, Cu and Zn) and nutrient enrichments (nitrogen and phosphorus, NP) on microbial
decomposition of Pterocarya stenoptera litter and the associated extracellular enzyme activities and
microbial biomass with microcosms. Results showed that the decomposition rates were slower in the
polluted stream waters than those in the unpolluted ones, which corresponded to lower microbial
biomass and integrated enzyme activities of cellulose and β-glucosidase. The decomposition rates
were accelerated at low HM level, which was associated with the stimulated enzyme activities of
hydrolytic enzymes or was stimulated by both NP levels in polluted stream waters. In particular,
the hydrolase enzyme activities of microbial communities in polluted stream waters were stimulated
by low HM level, suggesting that low HM level-stimulated litter decomposition may be due to
the increased enzymatic activities. When microbial communities were exposed to HM and NP
simultaneously, the inhibitory effect (in unpolluted stream waters) or the stimulated effect (in polluted
stream waters) of low HM concentration was enhanced and attenuated, respectively, which suggests
that the NP antagonistic effect against HM toxicity on litter decomposition may contribute to the litter-
associated extracellular enzyme activities. These results suggest that the co-occurrence of HM and NP
may have antagonistic effects on stream ecosystem functioning.

Introduction

Stream ecosystems are affected by numerous anthro-
pogenic stressors. Although some stressors, such as
nutrient enrichment or heavy metal (HM) pollution, are
well studied on a large scale (Niyogi et al., 2001; Sridhar
et al., 2001, 2005; Pascoal et al., 2003; Ferreira et al.,
2006; Gulis et al., 2006; Mesquita et al., 2007; Duarte et
al., 2008a, 2008b; Fechner et al., 2012), the mechanism by
which impacted ecosystems can maintain their ecological
functions is still unclear (Dudgeon et al., 2006). Thus,
a better understanding of the contribution of microbial
communities to plant litter decomposition in streams that

∗Corresponding author. E-mail: tianxj@nju.edu.cn

are impacted by the said stressors is necessary to ad-
dress and characterize the relationships between ecosystem
functions and anthropogenic stress.

Anthropogenic inputs of HMs enter the environment
as effluents from industries, wastewater treatment plants,
landfills, and mining (Eisler, 1998). Although some metals
(such as copper and zinc) are necessary cofactors in en-
zymes and electron transport chains, toxic levels of metals
may negatively affect the diversity and activity of aquatic
hyphomycetes and reduce plant litter decomposition in
streams (Sridhar et al., 2001; Duarte et al., 2004, 2008b;
Batista et al., 2012). HM interactions (such as Cu, Zn,
and Cd) show the following combined effects: synergistic,
additive, or antagonistic (Norwood et al., 2003; Duarte
et al., 2008b, 2009). These combined effects can induce
stronger oxidative stress than individual metals (Azevedo

http://www.jesc.ac.cn
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et al., 2007). Given the critical function of metals in cellu-
lar functions, microbes must coordinate the assimilation of
low levels of biologically essential HMs and their toxicity
tolerance (Silver and Phung, 1996; Silver, 1998; Hoostal et
al., 2008).

Urbanization and intensive agriculture can also increase
the nitrogen and phosphorus levels in streams, which result
in eutrophication (Gulis and Suberkropp, 2003a). Nutrient
enrichment generally stimulates litter decomposition and
associated biota (Elwood et al., 1981; Suberkropp and
Chauvet, 1995; Gulis and Suberkropp, 2003a, 2003b,
2003c; Niyogi et al., 2003; Pascoal et al., 2003; Gulis et
al., 2006; Ferreira et al., 2006). However, further increases
in water nutrient concentration may not enhance litter de-
composition or the activity of associated microbes (Grattan
and Suberkropp, 2001; Royer and Minshall, 2001).

Simultaneous exposure to several stressors may not
always result in a response that is predicted from studies in
which only a single HM or eutrophication stressor is used
(Fernandes et al., 2009). Microbial communities, which
are often composed of a vast number of metabolically
interdependent species with the potential of horizontal
gene transfer, provide an apt model for studying the
possibility of community-level adaptations (Hoostal et al.,
2008). Among other organisms, microbial decomposers
have an active function in leaf litter decomposition through
the production of enzymes, which attack the structural
polysaccharides of plant litter cell walls, thus, improving
leaf palatability to invertebrate shredders and releasing
fine particulate matter consumed by collectors (Fernandes
et al., 2009). Extracellular enzyme activity (EEA) assays
allow the quantification of heterotrophic assimilation of
organic matter by microbial consortia (Sinsabaugh and
Foreman, 2001) independent of culturing methods, which
underestimate a large majority of microorganisms in the
environment (Hugenholtz et al., 1998). Thus, EEA can be
used as efficient biological indicators of microbial com-
munity metabolism. For example, EEA has been used to
assess microbial responses to HMs (Kandeler et al., 2000),
excessive nitrogen deposition (Waldrop et al., 2004), and
dissolved organic matter (Hoostal et al., 2008). Given that
extracellular enzymes are available to a broad range of
species within the microbial community, the coordination
of these enzymes for heterotrophic metabolism may pro-

vide a basis for community-level adaptations (Hoostal et
al., 2008). Sufficient data exist on the effects of nutrient
loading or metals on leaf litter decomposition and associ-
ated communities in streams. However, studies about the
EEA profiles of microbial communities to metal tolerance
and nutrient enrichment stimulation from polluted and un-
polluted streams under these two stressors are less frequent
and presumably absent for aquatic microbial decomposers.

In this study, we investigated the effects of HM (Cu
and Zn) pollution and nutrient enrichment (nitrogen and
phosphorus, NP), in separate and mixed treatments, on the
EEA profiles of microbial communities associated with
Pterocarya stenoptera C. de Candolle litter decomposition.
We hypothesized that: (1) low levels of Zn and Cu may
accelerate litter decomposition and enhance the associated
EEA profiles of microbial communities from polluted
streams; and (2) the effects of Zn and Cu on microbial
decomposition of leaf litter, as well as associated EEA
and microbial biomass, can be modulated by expanding
nutrient enrichment.

1 Materials and methods

1.1 Sampling site

The sampling site, located at the Qinhuai River
(32◦3′33.90′′N, 118◦50′19.72′′E, altitude 68–83 m,
Southeast China) with an upstream-downstream gradient
of increasing contaminants across Nanjing City (Chen et
al., 2003, 2008), provides an appropriate system for study-
ing the potential function of contaminants in modulating
microbial community adaptations. In this study, the tested
concentrations of metals (Zn: up to 0.18 mg/L; Cu: up
to 0.097 mg/L) and NP (N: up to 16.76 mg/L; P: up to
11.24 mg/L) are environmentally realistic in dry season
because they are within the range of those in Qinhuai
River (Table 1) and the reported concentrations in metal-
polluted streams (Chen et al., 2003, 2008). As during the
experiment period, we selected two sites with contrasting
nutrient and HM concentrations in stream waters, depend
on the fact that the variation range of nutrient and HM
concentrations in site spring stream was lower than that

Table 1 Physical and chemical characters of the stream water at the Qinhuai River and its sampling sites of the unpolluted site and the polluted site

Site Temp (°C) pH TP (mg/L) TN (mg/L) N-NH3 (mg/L) Zn2+ (mg/L) Cu2+ (mg/L)

Unpolluted 5.0 7.68 0.09 0.85 < 0.05 0.0004 0.001
Polluted 5.3 7.46 0.74 8.53 7.81 0.011 0.010
Qinhuai River Min 5.0 7.21 0.09 0.85 < 0.05 0.004 0.001

Max 5.5 8.10 11.24 16.77 7.81 0.180∗ 0.097∗

∗ Cited from Chen et al., 2008.
Values are the average means of the experiment start and end time and standard error in brackets (n = 3).
TP: total phosphorus; TN: total nitrogen.
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in site polluted stream in dry season (Chen et al., 2003,
2008; Table 1). The unpolluted site is at a spring site of the
Qinhuai River. This site is approximately 0.2–0.4 m deep
and 0.3–0.6 m wide, and the bottom part is composed of
granitic rocks, pebbles, and gravel. The riparian vegetation
is composed of P. stenoptera C. DC., Quercus variabilis
Bl., and Liquidambar formosana Hance. The polluted site
is 4 km downstream of spring site and located downstream
of the Qinhuai River. The polluted stream is approximately
1–2 m deep and 2–3 m wide, and the bottom part is mainly
composed of gravel and mud. The riparian vegetation is
dominated by P. stenoptera, Salix sp., and Populus nigra L.
Temperature and pH of the stream waters were measured in
situ. Stream water samples from polluted site and Qinhuai
River were collected in sterile dark glass bottles, placed
in a cold box (4°C), and transported to the laboratory
to determine the concentrations of N-NH3 (AQ2+, Seal
Analytical Ltd., UK), total nitrogen, and total phosphorus
(Vario MICRO cube, Elementar, Germany).

1.2 Microcosm experiment

Sets of 2 g of P. stenoptera leaves were placed in each of
276 fine mesh bags (15 × 23 cm, 0.5 mm mesh size) to pre-
vent macro-invertebrate colonization. A total of 138 leaf
bags were immersed in unpolluted and polluted streams,
respectively, for 16 days to allow microbial colonization.
After 30 min of leaf immersion, three randomly selected
leaf bags were retrieved and transported to the laboratory
to determine the initial leaf mass. After retrieval from
the stream, leaf discs from each of the 138 bags were
rinsed with deionized water and placed into 250 mL sterile
Erlenmeyer flasks with 150 mL of filtered and sterilized
stream waters (121°C for 20 min). The stream water
characteristics were measured, and the results are shown
in Table 1. The microcosms were supplemented with
HMs or NP at two concentrations. These concentrations
corresponded to low HM level (LHM, 0.018 mg Zn/L and
0.010 mg Cu/L) or low NP level (LNP, 0.10 mg P-PO3−

4 /L
and 0.85 mg N-NO−3 /L) and high HM level (HHM, 0.18
mg Zn/L and 0.10 mg Cu/L) or high NP level (HNP, 1 mg
P-PO3−

4 /L and 8.5 mg N-NO−3 /L). HMs and nutrients were
added alone or in mixtures at all possible combinations
(three replicates for each). All microcosms were shaken
at 150 r/min. After 0, 15, 30, 50, and 75 days of exposure,

a set of 27 microcosms (three replicates for each treatment
per time) was used to determine leaf mass loss and EEA.

1.3 Leaf mass loss

Leaf discs from each replicate of each treatment were dried
at 50°C with constant mass (72 ± 24 hr), and weighed to
the nearest 0.001 mg to determine leaf mass loss.

1.4 EEAs

Five discs (10 mm) were used to measure one of the five
extracellular enzymes (β-glucosidase (β-G) and oxidative
enzymes (a combination of phenol oxidase (PO), perox-
idase, alkaline phosphatase (AKP), cellulase, and nitrate
reductase (NR)). The enzyme activities were determined
by spectrophotometry with slight modification. The meth-
ods of the enzyme assays are listed in Table 2.

1.5 Estimation of microbial biomass

Measurements of dehydrogenase activity are frequently
used to evaluate overall microbial activity. Previous stud-
ies have demonstrated significant correlations between
dehydrogenase activity and microbial biomass carbon
(Hoostal et al., 2008). To compare microbial biomass, three
replicates of five disc samples with 2 mL of triphenyltetra-
zolium chloride (TTC) solution (0.1 g of TTC per 100 mL
of 100 mmol/L Tris buffer, pH 7.6) were incubated in
the dark at 25°C for 24 hr. Acetone (20 mL) was then
added to each sample, followed by a 2 hr incubation period
in the dark at room temperature. The absorbance of the
solutions was measured at 546 nm by a spectrophotometer.
Autoclaved litters were analyzed as negative controls.
Swabs from autoclaved sediments were plated with Bacto
agar (Voigt, Lawrence, KS) media to ensure sterility.

1.6 Data analyses

Decomposition rates of P. stenoptera leaf discs were cal-
culated by assuming an exponential decay which was fited
the data better and useful for comparisons with published
literature, using linear regression of the Ln-transformed
negative exponential model (Olson, 1963):

xt = x0e−kt (1)

where, x0 (g) is the initial mass, xt (g) is the remaining mass
at time t (day), and k (day−1) is the decomposition rate. The

Table 2 EEA assayed in stream, their active international unit (IU) definition, and references

Enzyme Substrate IU definition References

Alkaline phosphatase Disodium phenyl phosphate 1 mg P released/(hr·g) Kandeler et al., 1999
Cellulase Sodium tylose 1 mg glucose released/(min·g) Ghose, 1987
Nitrate reductase Potassium nitrate 1 mg NO2 released/(min·g) Daniel and Curran, 1981
β-Glucosidase p-Nitrophenyl (p-NP) 1 µmol p-NP/(hr·cm) Smart and Jachson, 2009
Phenol oxidase L-3,4-Dihydroxyphenylalanine 1 µmol L-DOPA/(hr·cm) Smart and Jachson, 2009
Peroxidase L-3,4-Dihydroxyphenylalanine 1 µmol L-DOPA/(hr·cm) Smart and Jachson, 2009
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activity of each enzyme for the entire experimental period
(75 days) was calculated using trapezoid integration. All
possible combinations of the replicate enzyme activities
from each sampling date were considered to obtain the
mean and 95% confidence interval of the integrated activ-
ity. For each measured parameter, the inhibitory effects of
metal mixtures were predicted as the sum of the inhibitory
effects observed in microcosms that contain each metal
at corresponding concentrations (response addition model,
Norwood et al., 2003). ANOVA using SPSS (version 18.0)
was applied to assess significant differences among various
treatments. Statistically significant differences were set
with P < 0.05, unless otherwise stated. Correlation patterns
between enzymatic activities and litter mass losses were
examined by principal component analysis (PCA) using
SPSS.

2 Results

2.1 Leaf mass loss

The leaf mass loss of P. stenoptera after incubation in
stream microcosms for 75 days varied from 37% (spring
water and high heavy metal level treatment, unpollated-
HHM, Fig. 1a) to 60% (spring water and low NP level
treatment, unpollated-LNP, Fig. 1b), which translated into
the decomposition rates from 0.0052 to 0.0114 day−1

(Table 3). The decomposition rates were significantly
faster in the unpolluted stream waters than those in the
polluted ones (P < 0.05). Under low HM level, the
decomposition rates were accelerated in polluted waters,
but inhibited in unpolluted stream waters. Under high HM
level, these rates were inhibited in both stream waters.
By contrast, the decomposition rates were accelerated in
both stream waters under NP stressors, except those in
unpolluted stream waters at high NP level. When HM
was coupled with NP, the inhibitory effect of high HM
concentration on litter decomposition was attenuated by
the addition of nutrients in both stream waters. However,
the inhibitory effect (in unpolluted stream waters) or the
stimulated effect (in polluted stream waters) of low HM
concentration was enhanced and attenuated, respectively.
The decomposition rates were affected by the sample site

(P < 0.001), HM (P < 0.001), and the interaction between
the site and nutrients (P < 0.05, Table 4).

2.2 Extracellular enzyme activity

Except for cellulase and nitrate reductase, the responses
of the other enzyme activities to HM were significant
(P < 0.001, Table 5). However the interactions between
sites and HM were insignificant (except AKP, P < 0.05).
HM treatments generally inhibited the activities of hy-
drolytic enzymes in unpolluted stream waters, as did
high HM levels in polluted stream waters (Fig. 2). By
contrast, low HM level generally stimulated hydrolytic
enzyme activities in polluted stream waters. The activities
of oxidase enzymes, such as PO and peroxidase, were
mostly stimulated under low HM level in both polluted and
unpolluted stream waters (P < 0.001). The responses of
the enzyme activities of AKP, NR, and oxidase to nutrient
enrichment were significant (P < 0.05). The interaction
between sites and nutrient enrichment was also significant
(P < 0.001). The AKP activities were stimulated under
low NP level but inhibited under high NP level in both
stream waters. The CMC activities were inhibited at the
first stage (before day 15) but stimulated at the last stage
(day 75) under NP stressors in both stream waters, whereas
the opposite occurred in the NR and PO activities under
the same conditions. The activities of β-G were mostly
stimulated or produced no effects under NP stressors.
When both HM and NP increased simultaneously, the
interaction effects between NP and HM were significant
in AKP, NR, and PO (P < 0.05). NP mostly attenuated

Table 4 Two-way nested ANOVAs of the effects of site, heavy metals
and nutrient on leaf mass loss

df F P

Intercept 1 6472.42 < 0.001
Site 1 29.73 < 0.001
Heavy metal (HM) 2 11.63 < 0.001
Nutrients (NP) 2 2.20 0.122
HM × NP 4 1.79 0.145
HM × Site 2 1.13 0.331
NP × Site 2 5.85 0.005
Error 2

Table 3 Decomposition rates (k, day−1) of P. stenoptera leaf incubated in microcosms at NP and/or HM for 75 days, and coefficient of determination
of the regression

CK LHM HHM LNP HNP LHM × LNP LHM × HNP HHM × LNP HHM × HNP

Un-polluted k 0.0112a 0.0093bcd 0.0052h 0.0114a 0.0097bcd 0.0087cd 0.0077ef 0.0058gh 0.0078ef

R2 0.82 0.98 0.94 0.91 0.70 0.86 0.91 0.84 0.44
Polluted k 0.0089d 0.0104abc 0.0056h 0.0100bc 0.0109ab 0.0091bcd 0.0094abc 0.0061gh 0.0088bcd

R2 0.74 0.55 0.74 0.97 0.64 0.82 0.94 0.69 0.73

Treatments with the same letters are not significantly different (Tukey’s HSD, P < 0.05).
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Fig. 1 Dry mass remaining of P. stenoptera discs associated with leaf discs incubated by polluted or unpolluted streams in microcosms at two heavy
metal levels (a), two nutrient levels (b), low heavy metal level alone or combined with two nutrient levels (c) and high heavy metal alone or combined
with two nutrient levels (d). CK: control; LHM: low heavy metal level; HHM: high heavy metal level; LNP: low nutrient level; HNP: high nutrient level;
LHM × LNP: low heavy metal and low nutrient level; LHM × HNP: low heavy metal and high nutrient level; HHM × LNP: high heavy metal and low
nutrient level; HHM × HNP: high heavy metal and high nutrient level. Data are from sacrificed microcosoms and treatments are as in Table 3. Values
are averages ± SE.

Table 5 Summary table for two-way ANOVAs performed on enzymatic activities, associated with P. stenoptera leaves incubated in microcosms at
two HM levels and two nutrients levels for 75 days

Alkaline phosphatase Cellulase β-Glucosidase Nitrate reductase Peroxidase Phenol oxidase

df F P F P F P F P F P F P

Intercept 1 1.4 × 103 < 0.001 6.0 × 102 < 0.001 2.3 × 104 < 0.001 7.6 × 102 < 0.001 2.9×102 < 0.001 3.6 × 103 < 0.001

Site 1 19.62 < 0.001 0.49 0.485 10.86 0.001 6.37 0.012 1.26 0.264 11.67 0.001

HM 2 50.59 < 0.001 1.16 0.317 399.09 < 0.001 0.13 0.880 332.43 < 0.001 155.10 < 0.001

NP 2 4.18 0.017 0.77 0.465 1.33 0.267 19.52 < 0.001 5.52 0.005 3.63 0.029

Site × HM 2 5.13 0.007 2.42 0.092 2.03 0.135 1.35 0.261 2.25 0.108 0.25 0.778

Site × NP 6 24.35 < 0.001 5.22 < 0.001 77.53 < 0.001 7.72 < 0.001 67.22 < 0.001 83.19 < 0.001

HM × NP 4 4.77 0.001 1.56 0.188 0.32 0.865 3.81 0.005 2.23 0.067 3.55 0.008

Error 184

the stimulated effects of HM to the activities of hydrolytic
enzymes in polluted waters or attenuated the inhibitory
effects in unpolluted stream waters.

Correlation patterns between enzymatic activities and
litter mass losses were examined by PCA. Although in-
oculations of HM and nutrient enrichment, alone and in
combination, impacted the correlation patterns between

enzymatic activities and litter mass losses in unpolluted
stream waters, these patterns remained relatively stable
in microbial communities from unpolluted stream waters.
By contrast, these patterns became unstable in microbial
communities from polluted stream waters, especially in
HM stressors or low HM and low NP stressors (Fig. 3).
Increasing HM concentration strengthened the correlation
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of oxidase enzyme and litter mass losses in both stream
waters, as well as the correlation of AKP. However, in-
creasing HM concentration attenuated the correlation of
other hydrolytic enzymes and litter mass losses in polluted
stream waters. Increasing NP concentration strengthened
the correlation of CMC, β-G, and litter mass losses in un-

polluted stream waters. When HM and NP concentrations
were simultaneously increased, the correlation between
oxidase enzyme and litter mass loss increased in both
stream waters. However, the relationship between AKP
and litter mass loss was attenuated in all treatments in pol-
luted stream waters with the exception of low heavy metal
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Fig. 3 PCA of the correlation patterns of enzymatic activities and litter mass losses in polluted and unpolluted stream waters. Enzymatic abbreviations:
AKP, alkaline phosphatase; NR, nitrate reductase; β-G, β-glucosidase; PO, phenol oxidase.

and high heavy metal and high nutrient level treatments.
The enzyme activities of AKP, NR, and PO, which were

integrated throughout the time course of the experiment,
were higher in polluted streams than those in unpolluted
streams (Fig. 4). By contrast, the enzyme activities of
cellulose and β-G were higher in unpolluted streams than
those in polluted streams. All integrated enzyme activities

(besides peroxidase) were inhibited by all HM treatments
in unpolluted streams. However, the enzyme activities of
AKP, NR, and PO were stimulated by low HM level and
inhibited by high HM level in polluted streams. Moreover,
the enzyme activities of cellulose and β-G were inhibited
by all HM treatments in both polluted and unpolluted
streams.
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2.3 Estimation of microbial biomass

Microbial biomass, which was measured by the dehydro-
genase assays, generally increased at the first stage (before
day 15) but decreased in the following stages (Fig. 5).
Microbial biomass was significantly different between pol-
luted and unpolluted streams (P < 0.05). With increasing
HM concentration, the microbial biomass decreased over
time, except that in 15 days in both stream waters and that
in 30 days in polluted stream waters. However, microbial
biomass increased under high NP level before days 30, and
decreased after that in both stream waters.

3 Discussion

3.1 Response of litter decomposition on multiple stres-
sors

Given that aquatic systems suffer from multiple stressors,
and stressors usually do not operate independently, assess-
ing their mixed impacts on biodiversity and ecosystem
processes is important (Vinebrooke et al., 2004; Duarte et
al., 2009). HMs and excessive nutrient input into streams
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often occur simultaneously, but their mixed effects on
aquatic biota and the related litter decomposition are
complex and have rarely been examined (Wang and Dei,
2001; Fernandes et al., 2009). In this study, we assessed
the effects of HMs (Zn and Cu) and nutrient enrichments
(N and P), alone or in combination, on P. stenoptera leaf
litter decomposition and associated EEA and biomass of
microbial communities in polluted and unpolluted stream
waters. The response of microbial communities to HM and
nutrient enrichments, alone or combined, which is possibly
associated with a local bioavailability of environmental
contaminants, was determined in this study.

Direct comparisons of leaf decomposition in nutrient-
poor versus nutrient-rich systems have indicated a faster
breakdown in nutrient-rich systems (Webster and Benfield,
1986). However, our results indicate that the litter decom-
position rates were slower in the polluted streams than
those in the unpolluted streams. The possible reason may
be that the polluted stream in present study was not only
polluted by nutrient but polluted by a mixture of Cu and
Zn which was mostly additive and decreased the decom-
position rates (Niyogi et al., 2001; Duarte et al., 2008b).
We also founded a lower microbial biomass and integrated
enzyme activities of cellulose and β-G in polluted streams,
suggesting a reduction in microbial community activities
and carbon mineralization which heavily contributed to the
leaf decomposition (Rejmankova and Sirova, 2007; Duarte
et al., 2008a). The unpolluted communities had higher
microbial biomass than the polluted community possibly
because of the moderate nutrient concentrations found in
the stream waters in the spring site of the Qinhuai River.
However, the biomass of microbial communities measured
by the dehydrogenase assays not always explain the ob-
served differences in the mass loss under HM or/and NP
stress. The higher cellulose and β-G enzyme activities from

the unpolluted community may be helpful in understanding
the rapid leaf decomposition at the unpolluted site because
cellulose and β-G have significant functions in the carbon
cycles (Rejmankova and Sirova, 2007).

Heavy metals may act as important selective agents
driving the evolution of microvial communities to adapt
a variety of heavy metal tolerance mechanisms, which
are often plasmid-borne and capable of being spread
throughout a microbial community by lateral gene trans-
fer (Hoostal et al., 2008). Our study indicated that leaf
decomposition was accelerated in polluted stream waters
under low HM level (0.018 mg Zn/L and 0.010 mg Cu/L),
which suggests that the higher decay rates in polluted
stream waters are due to a microbial community that is
successfully adapting to ambient HM levels (Sridhar et al.,
2001). This mainly because of microbial taxa express a
wide range of uses for Cu and Zn as enzymatic and electron
transport cofactors (Silver, 1998), thus, moderate metal
concentrations can potentially promote overall metabolic
activity (Hoostal et al., 2008). Litter decomposition re-
quires the expression of extracellular enzymes that break
down the structural components of plant litter and recover
organic N and P, and its enzyme activities are linked
to both community dynamics and ecosystem perspectives
(Sinsabaugh et al., 2002; Smart and Jackson, 2009).
Our results indicate that HM level generally stimulated
the activities of hydrolytic enzymes in polluted stream
waters. This result agrees with that of previous reports
in which hydrolytic enzymes (including AKP and β-G)
from polluted sediments were stimulated as a response to
moderate HM levels (5 µmol/L), which is explained by
the adaptation of microbial communities to the local en-
vironmental gradients of anthropogenic stress (Hoostal et
al., 2008). The presence of higher N and P concentrations
in polluted stream waters may also stimulate microbial
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activity (Sridhar et al., 2001).
The positive effects of inorganic N and P on leaf de-

composition have been demonstrated in laboratory studies
(Howarth and Fisher, 1976; Kaushik and Hynes, 1971;
Rosemond et al., 2002) and stream experiments (El-
wood, 1981; Grattan and Suberkropp, 2001; Gulis and
Suberkropp, 2003), however, their effects are not universal
(Triska and Sedell, 1976; Royer and Minshall, 2001). Our
results show that litter decomposition was stimulated in
polluted stream waters, which corresponded to the higher
integrated enzyme activities of NR, AKP, and PO. How-
ever, litter decomposition was inhibited or slightly affected
(low NP level, P > 0.05, Table 3) in unpolluted stream
waters under NP stressor, which suggests that ambient
concentrations of pollution, such as nutrient enrichments
and HMs, may regulate the effects of dissolved N and P on
litter decomposition. This apparent discrepancy may have
two possible explanations. First, leaf breakdown was not
enhanced (or slightly affected under low NP level) by the
addition of dissolved N and P because leaf breakdown was
not nutrient-limited in unpolluted stream waters, which
agreed with previous reports (Royer and Minshall, 2001;
Abelho et al., 2006). When the ambient concentrations of
N and P exceeded a certain value, nutrient enrichment did
not accelerate leaf decomposition (Royer, 2001). In the
present study, ambient NP concentrations in unpolluted
stream waters were higher than those obtained by Royer
and Minshall (2001) in hard waters; thus, the ambient
concentrations of dissolved inorganic NP were sufficient
in the unpolluted stream to preclude nutrient limitation
of leaf breakdown (Royer and Minshall, 2001). Second,
although the ambient concentrations of dissolved inorganic
NP were higher in polluted stream waters than those in
unpolluted ones, the presence of higher Cu and Zn levels
may strongly limit access to nutrients by reducing cell
membrane permeability (Nalewajko and Olaveson, 1994)
in polluted stream waters. Polluted stream waters have low
phosphorus concentrations but moderate nitrogen concen-
trations (Table 1), which suggests that the organisms in
these waters are potentially limited by phosphorus (Abelho
and Grac, 2006). In addition, the higher integrated enzyme
activities of NR, AKP, and PO partly explain the enhanced
leaf decomposition in polluted stream waters because NR
and AKP have significant functions in the nitrogen and
phosphorus cycles, respectively (Rejmankova and Sirova,
2007).

Previous studies indicated that the presence of phospho-
rus in mixtures attenuates the negative effects of Zn on
litter decomposition and leads to shifts in fungal commu-
nity structure (Fernandes et al., 2009). In our study, when
HM and NP were simultaneously exposed, the inhibitory
effect of high HM concentration on litter decomposition
was attenuated in both stream waters, but the inhibitory
effect (in unpolluted stream waters) or the stimulated
effect (in polluted stream waters) of low HM concentration

was enhanced and attenuated, respectively. The explana-
tions for these findings may vary depending on the HM
concentrations (low or high) and the degree of nutrient
enrichment in streams. The inhibitory effect of high HM
concentration can be explained by the antagonistic effect
of NP against HM toxicity, which is related to the decrease
in the bioavailability of metals (Tlili et al., 2010). A direct
effect can be linked to speciation of Cu and Zn in their
interaction with NP because NP can precipitate Cu and
Zn or high HM level can strongly limit access to nutrients
by reducing cell membrane permeability (Nalewajko and
Olaveson, 1994). These mechanisms decrease free Cu and
Zn concentrations in solution, and may ultimately decrease
the Cu and Zn available to the microbial community
(Nalewajko and Paul, 1985; Guasch et al., 2004; Serra,
2009; Tlili et al., 2010). Exposure to Zn and P can
induce some aquatic fungal populations to tolerate high
Zn stress (Krauss et al., 2005; Guimarães-Soares et al.,
2006; Azevedo et al., 2007), and/or a well-established
fungal community may be less sensitive to the effects of
stressors (Duarte et al., 2008b). Our results also indicate
that NP attenuated the inhibitory effects of HM to EEA in
two stream waters. The antagonistic effect of NP against
HM toxicity on litter decomposition possibly contributes
to litter-associated EEA because litter decomposition is
primarily mediated by EEA at the microbial level (Smart
and Jackson, 2009). The positive (polluted stream waters)
and negative effects (unpolluted stream waters) of low HM
concentration on litter decomposition were all inhibited
by NP addition. However, compared with the control,
the combined effects of low HM and NP were inhibited
or enhanced in unpolluted and polluted stream waters,
respectively. This result indicates that the microbial com-
munity from polluted stream waters had strong adaptability
to low HM and NP stressors than that from unpolluted
stream waters. This result was consistent with that of a
previous study, in which leaf breakdown was accelerated in
a moderate HM polluted stream because of the presence of
an adapted fungal community and high nitrogen and phos-
phorus concentrations in the stream waters (Sridhar et al.,
2001). The results show that low NP level attenuated the
inhibitory effects of low HM level on litter decomposition
and enhanced the activity of litter-associated hydrolytic en-
zymes in unpolluted stream waters. These results suggest
that the changes in litter decomposition under low HM
and low NP levels, compared with low HM alone, possibly
contributed to the associated hydrolytic enzymes because
of the function of extracellular enzymes in controlling
the decomposition rate (Schimel and Weintraub, 2003).
Overall, the modulated effects of nutrients to Zn and Cu on
leaf decomposition were complicated. If this observation
also occurs in natural ecosystems, then the mixtures of
nutrients and metals are likely to have complex effects on
stream functions.
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3.2 Adaptation of EEA to HM stressors

Enzymatic activities of hydrolases from microbial com-
munities from polluted stream waters were stimulated by
low HM level (Fig. 2), suggesting that these communities
were more resilient to heavy metal stress. These results are
similar to those of previous reports on sediments (Hoostal
et al., 2008). Microbial taxa express a wide range of
uses for Cu and Zn as enzymatic and electron transport
cofactors (Silver, 1998). Thus, a low HM level can poten-
tially promote overall metabolic activity. High HM levels
can disrupt metabolic function regardless of the pollution
history of streams. Thus, the different EEA responses to
HM stress suggest that metal tolerance mechanisms may
have been selected in microbial communities from polluted
stream waters, which allow them to adapt to higher levels
of HM contaminants in their local environment (Hoostal
et al., 2008). PCA analyses of EEA responses in polluted
and unpolluted stream waters further demonstrated that
the resilience of microbial communities in polluted stream
waters to HM and nutrient enrichment stressors likely
results from local adaptive processes (Hoostal et al., 2008).
Our results show that under HM stressors, the correlation
patterns between enzymatic activities and litter mass losses
became unstable in microbial communities from polluted
stream waters. This result indicates that the resilience
in the association patterns reflected by PCA suggests
enzymatic turnovers, which is based on the taxonomic
composition of microbial communities because individual
EEAs are associated with specific microbial taxa (Eiler et
al., 2003; Hoostal et al., 2008).

4 Conclusions

The response of microbial communities from the litter
decomposition of P. stenoptera to HM and nutrient en-
richment stressors, alone and in combination, depends
on the stream water quality. Our results show that litter
decomposition of P. stenoptera was slower in polluted
stream waters than that in unpolluted stream waters, but
accelerated at low HM levels or both high and low NP
levels in polluted stream waters. The hydrolase enzyme
activities from microbial communities in polluted stream
waters were stimulated by low HM level, suggesting that
low HM level-stimulated litter decomposition may be due
to the increased enzymatic activities.When exposed to both
HM and NP, the inhibitory effect (in unpolluted stream
waters) or the stimulated effect (in polluted stream waters)
on litter decomposition was enhanced and attenuated in
low HM concentration, respectively. These results were
accompanied by the changes in associated EEA and micro-
bial biomass. These results suggest that the co-occurrence
of HM and NP may have antagonistic effects on stream
ecosystem functioning.
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Duarte, S., Pascoal, C., Cássio, F., 2009. Functional stability of stream
dwelling microbial decomposers exposed to copper and zinc stress.
Freshwater Biol. 54(8), 1683–1691.

Dudgeon, D., Arthington, A.H., Gessner, M.O., Kawabata, Z.I., Knowler,
D.J., Leveque C. et al., 2006. Freshwater biodiversity: Importance,
threats, status and conservation challenges. Biol. Rev. 81(2), 163–
182.

Eiler, A., Langenheder, S., Bertilsson, B., Tranvik L.J., 2003. Het-
erotrophic bacteria growth efficiency and community structure at
different natural organic carbon concentrations. Appl. Environ.
Microbiol. 69(7), 3701–3709.

Eisler, R., 1998. Copper Hazards to Fish, Wildlife, and Invertebrates: A
Synoptic Review. U.S. Geological Survey, Washington D.C. 347–
472.

http://www.jesc.ac.cn


jes
c.a

c.c
n

1012 Journal of Environmental Sciences 26 (2014) 1001–1013

Elwood, J.W., Newbold, J.D., Trimble, A.F., Stark, R.W., 1981. The limit-
ing role of phosphorus in a woodland stream ecosystem: effects of P
enrichment on leaf decomposition and primary producers. Ecology
62(1), 146–158.

Fechner, L.C., Gourlay-Franc, C., Bourgeault, A., Tusseau-Vuillemin,
M.H., 2012. Diffuse urban pollution increases metal tolerance of
natural heterotrophic biofilms. Environ. Pollut. 162, 311–318.
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