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ABSTRACT 
River ecosystems have been greatly impaired by negative human activities. It is important to understand the relation-

ships among the river structure, microbial abundance and enzyme activity of natural rivers for the restoration of im-

paired river ecosystems. The repeatedly occurring rapid-pool-bench land system (RPBS) is deemed a basic unit of 

natural river structure. Microbial abundance and enzyme activity in sediments of the RPBS are key processes that reg-

ulate a variety of ecological functions. However, detailed studies relating to a RPBS are scarce. We selected nine 

RPBSs in the Duliu River in China and studied the microbial abundance, enzyme activity, nutrients and heavy metals 

as influencing factors in the sediments of these RPBSs using the plate counting method, colorimetric methods, and 

atomic absorption spectrometry. The RPBSs were significantly different in microbial abundance, enzyme activity, 

nutrients and heavy metals. Bacteria, ammonifiers, actinomycetes, fungi, and denitrifying bacteria in the sediments of 

the pools of these RPBSs showed the greatest abundances. The number of bacteria was significantly larger than that of 

four other microbial groups. Total nitrogen had significant effects on microbial abundance. Catalase in bench lands, as 

well as phosphatase, urease and dehydrogenase in pools, exhibited high levels of activity and were significantly corre-

lated with microbial abundances. Enzyme activity was substantially affected by N, Pb and As. The habitat heterogene-

ity represented by RPBSs altered the microbial abundance and enzyme activity, which regulated different ecological 

functions. The restoration of degraded rivers to include RPBSs is beneficial to diverse ecosystem functions. 
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1. INTRODUCTION 

Rivers are corridors that connect the terrestrial environ-

ment to the ocean realm. Rivers play important roles in 

shipping and water purification (Wu et al., 2008; Pad-

malal and Maya, 2014). Most ancient civilizations origi-

nated on the banks of rivers, such as the Indian civiliza-

tion along the Ganges River, the Egyptian civilization 

along the Nile River, the Mesopotamian civilization 

along the Tigris and Euphrates Rivers, and the Chinese 

civilization along the Yellow River (Wang et al., 2013). 

Even today, most cities are built along rivers. Rivers are 

footstones for the development of human civilization. 

However, human activities have imposed tremendous 

pressure on rivers, thereby altering most of them, espe-

cially the small rivers, to degrees often beyond their 

natural resilience capacities, in terms of both structure 

and function (Dong et al., 2009; Padmalal and Maya, 

2014). These alterations include occupation of river-

ways, transformation of meanders in riverways into 

straight forms, replacement of natural riverbanks by 

concrete, and changes in sediment resulting from soil 

erosion and nonpoint source pollution (Dong et al., 

2009; Padmalal and Maya, 2014). These modifications 

result in significant alteration of river structure and, con-

sequently, declines in river habitat heterogeneity, biodi-

versity, self-purification capacity, landscape value, and 

affinity between humans and waterbodies (Wang et al., 

2013). 

 

River structures are represented by spatial variations of 

river forms, riverbeds, waterflow, riverbanks, organisms 

and riverbed materials (Padmalal and Maya, 2005; 

Gregory et al., 2008). Previously, based on extensive 

investigations, we identified a regular structure called a 

rapid-pool-bench land system (RPBS) along the contin-

uum of a natural river (Fig. 1 and Supplemental file 1) 

(Vannote et al., 1980; Ma et al., 2014; Wu et al., 2014; 

Chen et al., 2015).The RPBS recurs from the upper to 

the lower reaches of a river, even during flooding. A 

RPBS is successively linked to another RPBS along the 

continuum of a river. The RPBS consists of a relatively 

steep slope with a rapid water flow (rapid section), a 

bowl-like structure (pool) in the lower reaches of the 

rapid section, and a variably formed bench land for-

mation beside the rapid and the pool (Fig. 1 and Supple-

mental file 1). The rapid section has a relatively large 

potential energy to form a rapid water flow and forms 

the pool by long-term scouting. The rapid section fre-

quently occurs along the middle line of the river. The 

pool is a deep waterbody, in which there are fine sedi-

ments and sludge deposited with the slow water flow 

(Ma et al., 2014; Wu et al., 2014). Normally, the pool 

occurs close to the riverbank. The bench is formed by 

the sedimentation of a variety of riverbed materials car-

ried by floods. Some benches form parts of riverbanks. 

A significant characteristic of the bench formation is the 

frequent fluctuation of wet and dry periods resulting 

from changes in water levels during a year. According-

ly, aquatic and terrestrial organisms can occur within the 

bench formation. In a natural river, the proportions of 

area or perimeter of rapids to those of pools or benches 

are almost constant. In the headstream of a natural river, 

the RPBS is simplified into the step-pool system 

(Whittaker and Jaeggi, 1982; Wang et al., 2006).  

 

However, the responses of microbial abundance and 

enzyme activity and the influencing factors of nutrients 

and heavy metals in sediments to the RPBS structure 

that changes regularly in a natural river remain unclear. 

Microbial abundance and enzyme activity in sediments 

are important indicators of river health. Microorganisms 

control geochemical cycles of the river by absorbing, 

oxidizing, decomposing and precipitating organic matter 

(OM) and nutrients (Winiarski et al., 2006). Enzyme 

activity is a significant parameter for measuring the bio-

logical quality and ecological functions of sediments 

(Benitez et al., 2004). Enzyme activity is also used as 

one of the most sensitive indicators for evaluating the 

toxicity of heavy metals and the potential degradation of 

organic matter in sediments from different origins (Ellis 

et al., 2001; Irha et al., 2003; Freixa et al., 2016). If it is 

found that the structures of the RPBS may result in dif-

ferences in microbial abundance and enzyme activity in 

the sediment of a river which are beneficial to mainte-

nance of river health, the RPBS can be used as a refer-

ence model for restoration of degraded rivers to healthy 

rivers.  

 

Previously, there have been many studies of microbial 

abundance in soils and sediments based on laboratory 

cultivation of isolates from natural environments and 

identification by classical techniques (Prosser, 2002). 

Later, the techniques of advanced polymerase chain 

reaction and catalyzed reporter deposition-fluorescence 

in situ hybridization were developed to identify species 

of microbes for a variety of investigative purposes 

(Inagaki et al., 2006; Wang et al., 2012; Freixa et al., 

http://xueshu.baidu.com/s?wd=author%3A%28Whittaker%2C%20Jeffrey%20G%29%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
http://xueshu.baidu.com/s?wd=author%3A%28Jaeggi%2C%20Martin%20N%20R%29%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
http://xueshu.baidu.com/s?wd=author%3A%28WANG%20Zhao%20Yin%29%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
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2016). Some studies have demonstrated the importance 

of enzymes in matter transformation within sediments of 

wetlands, lakes, seas, rivers, and forest soil based on 

tests of enzyme activity by titration, colorimetric meth-

ods, and fluorescent substrates methods (Reboreda and 

Cacado, 2008; Sinsabaugh et al., 2010). These studies 

indicate that a positive correlation exists between dehy-

drogenase activity and CO2 emission in soils, and dehy-

drogenase activity is known to be sensitive to heavy 

metal pollutants (Neto et al., 2007). Enzyme activity in 

sediment is closely related to anthropogenic nutrients 

and inputs of different types of organic matter, such as 

cellulose and hemicellulose and recalcitrant compounds 

from terrestrial origins (Millar et al., 2015; Freixa et al., 

2016). Ecologists have also identified significant im-

pacts of the removal of total nitrogen (TN) on the num-

bers of soil microbes and the activities of enzymes in 

wetlands (Huang et al., 2012). In a lake, there is obvi-

ously spatial heterogeneity in microbial abundance and 

enzyme activity in sediments (Deng et al., 2009).  

 

In the present study, three successively connected 

RPBSs in the upper, middle, and lower reaches of the 

Duliu River, a typical natural river in China, were se-

lected. Sediment samples from each RPBS were collect-

ed. Microbial abundance; the activities of four important 

extracellular enzymes; levels of nutrients, including TN, 

total phosphorous (TP) and OM; and levels of heavy 

metals (Pb, Cr, Cd and As) in these sediment samples 

were then tested by traditional methods that could meet 

the requirements of the study. We assumed that the 

RPBS recurred continually to create habitat heterogenei-

ty along the river. This structure would result in differ-

ences in microbial abundance, corresponding enzymatic 

activity, levels of nutrients affecting microbial abun-

dance, and levels of heavy metals affecting enzyme ac-

tivity in sediments of rapids, pools and benches along 

the river. The present study aims to answer the follow-

ing questions: i) Are there differences in microbial 

abundance, enzymatic activity, and levels of nutrients 

and heavy metals in sediments among rapids, pools and 

benches from the upper to lower reaches of the river? ii) 

In the presence of any such differences, what relation-

ships exist among levels of nutrients and heavy metals, 

microbial abundance and enzyme activity in sediments 

in the RPBS of the river? iii) What ecological processes 

or functions are represented by discovered enzymatic 

activities?  

 

2. MATERIALS AND METHODS 

2.1. Site description 

The Duliu River is a primary tributary of the Pearl Riv-

er, the third largest river in China. The Duliu River orig-

inates in Dushan County and flows through four coun-

ties in Guizhou Province before joining the upper reach 

of the Pearl River. The total length of the Duliu River is 

310 km, and the drop of the mainstream is 84.5 m. The 

catchment area is 11,326 km2. Annual mean rainfall 

ranges from 1350-1500 mm. The average annual flow is 

145 m3/s. The forest coverage is 74.1% in the Duliu 

River watershed. There are no dams or artificial 

riverbanks along the river. For the present study, an up-

per reach in Puan town (26°04′ N, 107°48′ E), a middle 

reach in Sandu County (25°58′N, 107°53′E) and a lower 

reach in Rongjiang County (25°89′N, 108°50′E), were 

selected as research sites. The values of river parameters 

varied among different reaches of the river (Table 1). 

 

In each of the three reaches, three sets of RPBSs succes-

sively connected with each other were selected as the 

river reaches for sampling (Fig. 1 and 2). 

Fig 1. An occurrence of RPBS in the middle reach of 

the Duliu River. The square symbol: pool; the trian-

gular symbol: rapid; the circle symbol: bench. The 

widths of pool, bench and rapid are approximately 75 

m, 75 m and 30 m, respectively, in the photo. We can 

only see one RPBS in the photo, but the middle reach 

of the river for sampling includes three RPBSs con-

nected with each other. 

 

 

 

 

 



Zhenhong Wang et al. 

——————————————————————————————————————————————————–

WWW.SDRPJOURNALS.COM 752 Vol-4 Issue-6 

SCIENCE DESK

Fig 2. Sampling method. This figure shows the numbers of sampling points in one sampling reach of the river. 

(Altogether three sampling reaches; i.e., upper, middle and lower reaches were delineated along the river in the study.) 

One sampling reach includes three occurrences of RPBS. Ten points were sampled in each of the rapids, pools and 

benches in each RPBS. Then, all ten samples from each rapid, pool or bench were mixed into one sample. In each sam-

pling reach, we collected 9 mixed samples from 90 points of three sets of RPBSs. In total, we collected 27 mixed sam-

ples from 270 points along the whole river. The picture below the table shows the distribution of sampling points in a 

RPBS that is illustrated in Fig. 1.   
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2.2. Field sampling  

Sediment samples were collected from the rapid, pool 

and bench in each RPBS (Fig. 2). Specifically, ten sam-

pling points were initially established along a central 

axis of the rapid, pool or bench in each RPBS. A sedi-

ment sampler was used to collect approximately 300 g 

of the surface sediments from each point. Sediments 

collected from all ten points in the rapid, pool or bench 

were thoroughly mixed into one sample, and then ap-

proximately 3 kg of the mixed sediment was sampled 

from the mixed sample and stored at 4°C. Sediments in 

the rapid and pool were collected from the bottom of the 

river, but bench sediments were collected from the sur-

face. The number of mixed samples in each reach of the 

river (upper, middle or lower reach) were 9, including 3 

from three rapids, 3 from three pools and 3 from three 

benches (Fig. 2). The total number of mixed samples 

was 27. 

  

2.3. Tests of microbial abundance 

2.3.1. Bacteria, fungi, and actinomycetes 

The plate counting method was used to determine the 

number of bacteria, fungi and actinomycetes. First, beef 

protein medium, Martin medium and actinomycetes cul-

ture medium were prepared per the manufacturer’s in-

structions. After sterilization, these media were poured 

into three sterilized Petri dishes. In a triangular flask, 10 

g of fresh sediment was mixed with 100 ml of sterile 

water. This soil solution was diluted to 10-6, 10-7 and 10-

8 for bacteria, and 10-4, 10-5 and 10-6 for fungi and acti-

nomycetes, in a sterile working chamber. The diluted 

soil solutions were transferred to other Petri dishes using 

pipettes. The Petri dishes were incubated at 28°C. Each 

dilution series was replicated three times. 

 

2.3.2. Ammonifying and denitrifying bacteria 

The most-probable-number (MPN) method was used to 

determine numbers of ammonifying and denitrifying 

bacteria. First, peptone agar medium and denitrifying 

bacterial medium were prepared, and 5 mL of the each 

medium was subpacked into cuvettes. A reversed 

Durham's fermentation tube was inserted into each of 

the filled cuvettes to analyze collected gas. Each cuvette 

was plugged with a silica gel stopple and sterilized. In a 

triangular flask, 10 g of fresh sediment was suspended 

in 100 ml of sterilized water by oscillating for 30 min. 

Subsequently, the suspension was diluted to four differ-

ent concentrations, namely, 10-4, 10-5, 10-6 and 10-7 

times of the suspension. These diluted solutions were 

transferred to cuvettes filled with medium using sterile 

pipettes. The cuvettes were then incubated at 30°C. Ex-

periments with each dilution were replicated three times. 

After three and five days, the turbidity of media were 

measured to test for the growth of ammonifying bacte-

ria. After seven days of incubation, Nessler’s reagent 

was used to test for the presence of ammonia. For identi-

fying denitrifying bacteria, the following observations 

were made: presence of bubbles in the cuvettes, turbidi-

ty of the solution in the cuvettes after 14 days, and pres-

ence of ammonia as tested with Nessler’s reagent. Based 

on the bacterial growth, the number of live bacteria per 

ml of the suspension before dilution was determined 

using an MPN table. 

 

2.4. Tests of enzyme activity  

2.4.1. Catalase 

Permanganate titration was used to determine the cata-

lase activity (Liu et al., 2013). In a triangular flask, 5 g 

of fresh sediment was mixed with 25 mL of hydrogen 

peroxide (H2O2) solution and a little distilled water. The 

triangular flask was oscillated continuously for 30 min. 

The chemical reactions occurring in the triangular flask 

were terminated by the addition of sulfuric acid (H2SO4). 

The mixtures in the triangular flasks were filtrated, and 

the filtrates were titrated against potassium permanga-

nate (KMnO4) solution until the color changed to red. 

The volume (mL/g) of KMnO4 solution consumed in the 

test represented the catalase activity. 

 

 

Table 1. Parameters of the river  

River 
reach-
es 

Mean river 
width (m) 

Ranges 
of water depth 
(m) 

Longitudi-
nal gradient 

Bending 
coeffi-
cient 

Rapid area 
(m2) 

Pool area 
(m2) 

Benchland area 
(m2) 

UR* 51.5±6.2 0.3-3.1 0.05±0.04 1.16±0.00 791.16±262.61 872.12±294 796.58±273.63 

MR 148.2+9.7 0.5-5.3 0.02±0.01 1.05±0.00 1991.16±462.41 1322.15±441.96 1492.06±386.82 

LR 257.3+12.3 0.8-7.4 0.01±0.00 1.20±0.00 3128.52±714.4 3691.54±794.8 12261.48±1307.98 

*UR: the upper reach; MR: the middle reach; LR: the lower reach. 
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2.4.2. Alkaline phosphatase 

The phenyldisodium phosphate colorimetric method 

was used to determine the activity of alkaline phos-

phatase (Liu et al., 2013). In a triangular flask, 5 g of 

fresh sediment was dissolved in toluene-disodium 

phenyl phosphate-borate buffer. The flask was incu-

bated for 24 h, and the contents were filtrated. The 

chromogenic agent was added to the filtrate, the fil-

trate was transferred to a volumetric flask and diluted 

to a constant volume of 750 mL, and the absorbance 

was measured at a wavelength of 660 nm. The 

amount (mg) of phenol released from 1 g of sediment 

represented the enzyme activity.  

 

2.4.3. Urease 

Urease activity was determined using the phenol so-

dium hypochlorite colorimetric method (Liu et al., 

2013). In a 50 mL volumetric flask, 5 g of fresh sedi-

ment was added to 1 mL of toluene. The volumetric 

flask was tightly plugged and gently shaken for ap-

proximately 15 min. To the soil solution in the volu-

metric flask, 5 mL of 10% urease solution and 10 mL 

of citrate buffer (pH=7.6) were added, mixed com-

pletely by shaking and incubated at 37°C for 24 h. 

Distilled water (at 38°C) was used to dilute the solu-

tions to constant volume. In this state, toluene floated 

on the solutions. Each solution was further mixed 

evenly, and the solid was filtered. Subsequently, 1 

mL of the filtrate was transferred to a 50 mL volu-

metric flask, and 4 mL of sodium phenate solution 

and 3 mL of chlorine were added. After the develop-

ment of color, the solution was distilled to a constant 

volume, and the absorbance was measured after 1 h 

at a wavelength of 578 nm. The amount (mg) of phe-

nol released from 1 g of sediment represented the 

enzyme activity.  

 

2.4.4. Dehydrogenase 

The chloride three-phenyl tetrazole colorimetric 

method was used to determine the dehydrogenase 

activity (Liu et al., 2013). In a triangular flask, 5 g of 

fresh sediments, 2 mL of 1% triphenyltetrazolium 

chloride (TTC) solution, glucose solution, Tris-HCl 

buffer, and Na2S solution were successively added. 

The triangular flask was oscillated for 2 h, followed 

by the addition of oxygen-free water and sodium sul-

fite solution. After mixing the solution thoroughly, 

the absorbance was measured at a wavelength of 485 

nm. Enzyme activity was calculated based on the 

quantity of 3-phenyl formazan yielded per unit soil 

and time.  

 

2.4.5. Tests of nutrients and heavy metals 

We used the potassium dichromate heating oxidation-

volumetric method (GB9834, 1988), Kjeldahl distil-

lation (GB7173, 1987) and molybdenum-antimony 

anti-spectrophotometric method (HJ632, 2011) to 

detect OM, TN and TP in sediments, respectively. 

Both Pb and Cr in sediments were tested by KI-

MIBK extraction flame atomic absorption spectro-

photometry (GB/T17140, 1997). Cd, Hg and As were 

detected by flame atomic absorption spectrometry 

(HJ491, 2009), cold atomic absorption spectropho-

tometry (GB/T17136, 1997), and the potassium boro-

hydride silver nitrate spectrophotometric method  

(GB/T17135, 1997)     (National Standards of these 

test methods were listed in Supplemental file 2).  

 

2.5. Data analysis  

We used analysis of variance (ANOVA, one-way) to 

identify the differences in microbial abundances, en-

zyme activities, and levels of nutrients and heavy 

metals in sediments among rapids, pools and benches 

(i.e., three components of the RPBS), from the upper 

to lower reaches of the Duliu River. Previous studies 

have indicated that there are great differences in wa-

ter depth, riverbed slope, particle size and sediment 

nutrient levels among rapids, pools and benches, sug-

gesting that they are three different habitats (Ma et 

al., 2014; Wu et al., 2014). Therefore, we here con-

sidered the rapids, pools and benches in the RPBS 

occurring from the upper to lower reaches of the 

Duliu River as the three levels under a single factor; 

i.e., the type of river habitat. If there were significant 

differences in examined ecological processes among 

the three habitats based on ANOVA, Tukey`s honest-

ly significant difference (HSD) test was further ap-

plied to determine significant differences between 

any two. Then, Pearson`s correlations among micro-

bial abundances, enzyme activities, and levels of nu-

trients and heavy metals in sediments of these RPBSs 

were analyzed to identify the impacts on each other.  

http://xueshu.baidu.com/s?wd=paperuri%3A%28faedd7abdf6872facf4900e3f3a57368%29&filter=sc_long_sign&sc_ks_para=q%3DAnalysis%20on%20Experiment%20of%20Determining%20Precision%20Bias%20of%20Total%20P%20in%20Molybdenum-Antimony%20Anti-%20Spectrophotometric%20Metho
http://xueshu.baidu.com/s?wd=paperuri%3A%28faedd7abdf6872facf4900e3f3a57368%29&filter=sc_long_sign&sc_ks_para=q%3DAnalysis%20on%20Experiment%20of%20Determining%20Precision%20Bias%20of%20Total%20P%20in%20Molybdenum-Antimony%20Anti-%20Spectrophotometric%20Metho
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3. RESULTS 

3.1. Abundance of microorganisms 

The abundances of bacteria, fungi, actinomycetes, am-

monifying and denitrifying bacteria in the sediment of 

pools clearly exceeded those in rapids and benches; 

these types of microbes were also more abundant in 

benches than in rapids (Table 2). The results of ANO-

VA and Tukey`s HSD test showed that there were very 

significant differences in microbial abundance for five 

types of microbes among rapids, pools and benches 

(p=0.001-0.01). Based on observations and tests of nu-

trients, the accumulation of rich nutrients in the sedi-

ments of pools, resulting from the slower water flow 

than in the rapids, was beneficial for the growth and 

reproduction of all microorganisms, leading to high 

abundance of microbes in the sediment of pools. In 

benches, flooding usually resulted in the frequent occur-

rence of alternate wet and dry environments. Nutrient 

delivery by floods in this habitat consequently promoted 

the flourishing of aerobic microorganisms. However, in 

the sediment of rapids, high nutrient loss from rapid 

water flow restricted the growth of microorganisms, 

resulting in the lowest microbial abundance. Overall, 

the abundances of bacteria, ammonifying bacteria, acti-

nomycetes, fungi, and denitrifying bacteria present in 

all RPBSs accounted for 60%−99.07%, 5%−31.89%, 

0.28%−23.21%, 0.012%−0.172% and 0.009%−0.027%, 

respectively, of total numbers of microorganisms. 

Moreover, the results also indicated that microbial 

abundance was higher in the upper reaches than that in 

the lower reaches of the river because of the increased 

input of nutrients and organic pollutants from croplands 

and towns along the two banks of the Duliu River. 

 

3.2. Enzyme activity 

Catalase activity ranged from 1.74-5.465 mL/g with an 

average of 3.638 mL/g (Fig. 3A). The activity of the 

enzyme was higher in the lower than in the upper and 

middle reaches. Among the rapids, pools and benches in 

the upper, middle or lower reaches, there were signifi-

cant differences in the activity of the enzyme based on 

ANOVA and Tukey`s HSD test. This result was due to 

good soil aeration in benches, enhancing enzyme activi-

ty. However, the enzyme activity was highest in the 

rapids of the lower reaches. Sediments in benches were 

coarser and dryer than in rapids, probably causing inac-

tivation or low enzyme activity. 

 

Phosphatase activity ranged from 0.357-8.889 mg/g, 

with an average of 3.066 mg/g. ANOVA and Tukey’s 

HSD test also showed significant differences in phos-

phatase activity among the three sections of the river 

(P<0.01, Fig. 3B). In contrast to catalase activity, phos-

phatase activity was highest in upper reaches and lowest 

in the lower reach. Phosphatase activity in pools and 

rapids of the upper reaches was approximately 2 times 

and 2-5 times, respectively, as high as in the middle and 

lower reaches. Generally, phosphatase activity in pools 

was 5 times as high as in benches. These interesting 

results might be due to the relatively rich nutrients pre-

sent in the sediments of pools and rapids. 

 

Urease activity in sediments ranged from 0.243-2.511 

mg/g, averaging 1.245 mg/g. Urease activity differed 

Table 2. Number of microorganisms in sediments of the RPBS 

River 
reaches 

Systems 
  

Bacteria (×106·g-1) Actinomycetes 
(×104·g-1) 

Fungi 
(×104·g-1) 

Ammonifying 
bacteria (×105·g-1) 

Denitrifying bacte-
ria (×102·g-1) 

Total 
(×106·g-1) 

  
Upper 
reaches 

Pool 5.50±0.32a 18.20±1.39a 11.00±0.71a 21.44±1.72a 14.47±1.05a 7.84±0.53a 

Rapid 2.22±0.15b 0.71±0.06b 1.68±0.11b 3.21±0.15bd 5.32±0.23b 2.55±0.12b 

Bench land 2.77±0.12b 15.60±1.22c 1.76±0.15b 5.17±0.18b 9.29±0.38c 3.45±0.16b 

  
Middle 
reaches 

Pool 2.14±0.17b 10.01±1.07de 4.60±0.21cd 5.21±0.20b 4.31±0.17b 2.68±0.13b 

Rapid 0.32±0.02c 0.61±0.03b 1.08±0.05b 0.33±0.01c 1.22±0.01d 0.66±0.02c 

Bench land 0.96±0.08d 8.55±0.57de 1.12±0.04b 1.46±0.08bd 1.79±0.01d 1.20±0.04b 

  
Lower 
reaches 

Pool 3.79±0.21e 12.30±0.82df 6.10±0.34cd 18.34±1.20a 8.89±0.49c 5.75±0.24d 

Rapid 0.14±0.08f 9.12±0.47de 0.18±0.01e 2.45±0.09bd 1.35±0.01d 1.50±0.04b 

Bench land 1.26±0.09g 10.40±0.66de 0.21±0.01e 3.23±0.10bd 3.79±0.22b 1.57±0.04b 
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significantly among rapids, pools and benches 

(ANOVA), but differences based on the Tukey`s HSD 

test comparisons only occurred between pools and rap-

ids and between pools and benches (P<0.01, Fig. 3C). 

Overall, the activity of the enzyme in rapids, pools and 

benches in the lower reaches was higher than in the up-

per and middle reaches. A regular increase or decrease 

was not found in urease activity from the upper to lower 

reaches, contrasting with results for catalase and phos-

phatase activity.  

 

 

Dehydrogenase activity ranged from 0.61-1.65 μg/g·h, 

averaging 1.071 μg/g·h. The average dehydrogenase 

activity was the lowest of the four enzymes studied. 

Dehydrogenase activity did not exhibit a regular change 

from the upper to lower reaches (Fig. 3D). Significant 

differences in dehydrogenase activity were not observed 

among rapids, pools and benches in the upper reach 

with ANOVA and Tukey’s HSD test (P>0.05) but were 

observed in the middle and lower reaches. Dehydrogen-

ase in sediments in the lower reaches showed similar 

activity in pools and benches, which was far greater 

than that detected in rapids.  

Fig 3. Enzyme activities in the sediments of the RPBS from the upper, middle and lower reaches in the Duliu Riv-

er. A: catalase; B: phosphatase; C: urease; D: dehydrogenase. Lowercase letters at the tops of error lines in each 

figure show the results of Tukey`s HSD test. When there are completely different lowercase letters at the tops of 

error lines corresponding to any two habitats (rapid, pool or bench), the mean values of the two habitats are signif-

icantly different.  
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3.3. Nutrient levels 

Numerically, the concentration of OM (8.79-32.76 g/

kg) was far greater than concentrations of TN (0.41-

2.93 g/kg) and TP (0.06-0.57 g/kg) in sediments (Fig. 

4). ANOVA and Tukey`s HSD test showed that there 

were significant differences in concentrations of TN and 

TP among rapids, pools and benches (p<0.05, Fig. 4), 

but not in concentrations of OM (p＞0.05). The average 

level of OM in sediments of rapids, pools and benches 

only reached the fourth grade according to Standards of 

Soil Nutrients for Assessment of Soil Fertility in China 

(there are six grades of nutrients), which was less favor-

able than the second grade of TN level and more favor-

able than the fifth grade of TP level.  

Fig 4. Average concentrations of nutrients in sediments 

of the RPBS along the river. Lowercase letters at the 

tops of error lines indicate the same meaning as in Fig. 

3.  

 

3.4. Heavy metal contents  

There were significant differences in the concentrations 

of Pb, Cr and As in the sediments among the rapids, 

pools and benches of RPBS based on ANOVA and 

Tukey’s HSD test (p=0.00007-0.05, Table 3) but not in 

the concentrations of Hg and Cd (p>0.05). The means, 

minimums and maximums of Pb concentrations in sedi-

ments of pools were far larger than those in benches and 

rapids. According to Environmental Quality Standards 

for Soils in China, Pb, Cr and As contents only reached 

the first grade, which represents natural background 

levels. However, Hg and Cd concentrations reached the 

second grade, indicating the sediments were lightly pol-

luted by Hg and Cd.   

 

3.5. Relationships among microbial abundance, nu-

trients, heavy metals and enzyme activity 

There were significantly positive correlations between 

microbial abundance and TN levels in sediments of rap-

ids, pools and benches, but no significant correlations 

between microbial abundance and TP or OM contents 

(Table 4). This result may be due to low concentrations 

of TP and OM in sediments and small differences 

Table 3. Heavy metal contents in sediments of rapids, pools and bench lands 

  Heavy metal 

Means 

(mg/kg) 

Minimums 

(mg/kg) 

Maximums 

(mg/kg) 

Standard devi-

ation 

Coefficients of 

variation 

Rapid 

Pb 17.44a 12.47 20.45 2.68 0.15 

Cr 25.86a 16.15 40.67 7.94 0.31 

Cd 0.40a 0.20 0.58 0.113 0.28 

Hg 0.32c 0.09 0.62 0.197 0.61 

As 29.27d 17.07 40.35 6.94 0.24 

       

Pool 

Pb 39.66b 23.12 63.36 14.65 0.37 

Cr 37.66b 27.73 54.55 7.94 0.21 

Cd 0.32a 0.15 0.59 0.161 0.5 

Hg 0.28c 0.09 0.60 0.189 0.68 

As 39.09f 22.48 58.53 12.93 0.33 

       

Bench land 

Pb 14.71a 7.27 22.79 5.48 0.37 

Cr 46.65c 29.82 67.95 11.77 0.25 

Cd 0.30a 0.21 0.45 0.08 0.27 

Hg 0.23c 0.02 0.69 0.252 1.08 

As 26.67d 14.49 51.76 12.82 0.48 
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among rapids, pools and benches (Fig. 4). However, we 

found that microbial abundance showed highly signifi-

cant relationships with Pb and As levels in sediment. 

This result may be because the two heavy metals stimu-

lated the growth of microbes in a habitat with low con-

centrations of heavy metals. All correlation coefficients 

between abundances of five types of microorganisms 

and the activities of four enzymes were positive (Table 

4). More significant relationships were found between 

abundance and the activities of urease and phosphatase 

than for other enzymes. The source of enzymes in sedi-

ments was microorganisms. The higher the microbial 

abundance was, the larger was the release amount of 

enzymes necessary to catalyze reactants. These positive 

relationships suggest that microorganisms indirectly 

regulated catalytic processes in sediments. In addition, 

the activities of catalase, phosphatase and urease 

showed significant positive and negative correlations 

with the concentrations of Pb, Hg and As (Table 4). 

Positive correlations may have resulted from enzyme 

activation by heavy metals, but the negative correlations 

might indicate certain effects of enzyme limitation, such 

as the deactivation of enzymes. There were also both 

positive and negative correlations between nutrient lev-

els and the activities of four enzymes (Table 4). Howev-

er, only TN concentration was significantly correlated 

with the activities of catalase, phosphatase and dehydro-

genase.  

Table 4. Pearson`s correlation coefficients among abundance of microbes, contents of nutrients and heavy metals, and 
enzyme activity in sediments of RPBS from the upper to lower reaches 

  TN TP Organic 
matter Pb 

  
Cr 
  

Cd 
  

Hg 
  

As 
  

Catalase Phos-
phatase 

Ure-
ase 

Dehy-
drogenas
e 

Bacteria 
0.59** -0.2 -0.11 

0.83**
* 

0.10 0.07 0.25 0.57** 0.42* 
0.84**
* 

0.65*
** 

0.62*** 

Fungi 
0.44* -0.1 -0.08 

0.92**
* 

0.16 0.20 0.19 
0.61**
* 

0.31 
0.76**
* 

0.50*
* 

0.09 

Actinomy-
cetes 

0.73**
* 

-0.2 -0.1 
0.63**
* 

0.36* -0.03 -0.13 0.19 0.61*** 
0.71**
* 

0.68*
** 

0.13 

Amonifying 
bacteria 

0.61**
* 

-0.2 -0.12 
0.90**
* 

0.07 0.10 0.15 0.59** 0.23 
0.65**
* 

0.81*
** 

0.37* 

Denitrifying 
bacteria 0.56** -0 -0.1 

0.82**
* 

0.07 0.16 0.24 0.51** 0.08 
0.67**
* 

0.79*
** 

0.11 

TN 
      

0.77**
* 

-0.06 0.23 0.24 0.34 -0.52** 
0.60**
* 

0.24 0.35* 

TP 
      -0.11 -0.23 0.31 0.11 -0.08 0.01 -0.08 -0.27 -0.23 

Organic mat-
ter       -0.10 0.01 -0.11 -0.08 -0.29 0.14 -0.12 -0.14 0.04 

Pb 
                -0.59** 

0.66**
* 

0.54*
* 

0.03 

Cr 
                0.1 -0.17 0.17 0.03 

Cd 
                -0.24 0.33 -0.02 -0.15 

Hg 
                -0.27 0.55** -0.01 0.12 

As 
                -0.41* 

0.66**
* 

0.40* 0.05 

Sign***, ** and * represents significance at the confidence levels of 0.99, 0.99 and 0.95, respectively; N=27. 

4. DISCUSSION 

Previously, some studies have focused on microbial abundance and enzyme activity in sediments present in wet-

lands, lakes and polluted or severely disturbed riverways with an aim of addressing the challenges of water pollu-

tion (Prosser, 2002; Reboreda and Cacado, 2008). In contrast, relatively few investigations have focused on natural 

or less disturbed rivers (Winiarski et al., 2006; Neto et al., 2007; Huang et al., 2012; Freixa et al., 2016). In a natu-

ral river, the RPBS is seen recurrently and is defined as the basic unit of river structure that makes a river complete 

and heterogeneous in habitat (Ma et al., 2014; Wu et al., 2014; Chen et al., 2015; Wang et al., 2015; Fig. 1 and Sup-

plemental file 1). A complete river structure is able to maintain the good functions of an ecosystem (Padmalal and 
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Maya, 2014). Therefore, we selected nine RPBSs along 

the Duliu River and measured microbial abundance, 

enzyme activity, and levels of nutrients and heavy met-

als in sediments to clarify the effects of habitat hetero-

geneity and the relationships among microbial abun-

dance, enzyme activity and their influencing factors 

nutrients and heavy metals. We used traditional meth-

ods to test these indices because these methods have 

been able to meet the goal of understanding ecological 

impacts of habitat heterogeneity in a river. Freixa et al. 

(2016) conducted a comparable study of bacterial com-

munity composition, enzyme activities and environmen-

tal variables and their relationships along the Tordera 

river (865 km2 watershed area), with no reservoir along 

its main course, in Catalonia, at the northeastern corner 

of the Iberian Peninsula. That study focused on the ef-

fects of environmental heterogeneity (different environ-

mental factors) at 13 sites along the river on ecological 

processes, but our study was concerned with the effects 

of habitat heterogeneity in nine RPBSs at a relatively 

broad scale along the Duliu River, consisting of 27 sites 

of rapids, deep pools and bench formations. Each site 

included 10 sampling points for collecting mixed sam-

ples.       

 

Overall, the abundance of microbes (bacteria, fungi, 

actinomycetes, ammonifying bacteria and denitrifying 

bacteria), the activities of enzymes, and the concentra-

tions of nutrients and heavy metals in sediments were 

significantly different among rapids, pools and bench 

lands from the upper to lower reaches along the contin-

uum of the Duliu River. These results confirm our hy-

pothesis that the repeated occurrence of the RPBS, cre-

ating a kind of habitat heterogeneity along the river con-

tinuum, can cause variation in riverine ecological pro-

cesses. Freixa et al.’s (2016) investigation showed that 

environmental variation in sediment characteristics re-

sulted in far more abundant bacterial communities, as 

identified by catalyzed reporter deposition-fluorescence 

in situ hybridization, than did our work, which also ar-

gues for application of molecular techniques to environ-

mental studies of microbes. Of the five types of micro-

organisms in the study, bacteria were always more 

abundant than the other four types of microorganisms; 

the abundance of ammonifying bacteria, denitrifying 

bacteria, actinomycetes and fungi were ranked from 

second to fifth, respectively. The order of microbial 

abundance in different habitats of the RPBS was similar 

to that present in artificial wetland (Du et al., 2013) and 

calcareous purple paddy soil (Gu et al., 2008). Thus, we 

suggest that relative abundances of particular groups of 

microorganisms are stable in different habitats. In a riv-

er, pools are sections that accumulate pollutants and 

nutrients, and four types of microorganisms in the sedi-

ments of pools were far more abundant than those in 

rapids and benches. Water in rapids can absorb more 

oxygen and flow into deep pools for oxidation of pollu-

tants and nutrients; benches often cause deposited pollu-

tants and nutrients to shift between dry and wet condi-

tions and consequently promote their rapid degradation 

(Chen et al., 2015). Thus, the different habitats within 

an RPBS along the continuum of a river are beneficial 

to self-purification of the waterbody and maintenance of 

diverse ecological functions.  

 

There were different correlations among microbial 

abundances, the activities of enzymes, and levels of 

nutrients and heavy metals in the sediments of the rap-

ids, pools and benches along the continuum of the river. 

First, the significantly positive correlations of microbial 

abundance with TN concentrations in the sediments of 

these RPBS sections indicated that TN level had key 

impacts on microbial abundances. However, TP and 

OM concentrations showed no significant correlations 

with five types of microbial abundance. Second, micro-

bial abundance exhibited identically positive correla-

tions with the activities of specific enzymes in three 

sections of the RPBS because enzymes are secreted by 

microorganisms (Gardner and White, 2010). However, 

the levels of significance of the relationships differed. 

This observation may be because the effects of other 

factors, such as sediment depths and levels of nutrients 

and heavy metals regulated by habitat heterogeneity of 

the RPBS, on enzymes changed the relationships to dif-

fering degrees (Zhang et al., 2011). Similar studies also 

support this point. For example, there was a poor corre-

lation between microbial colonization rate and phospha-

tase activity in croplands with conventional tillage, but 

a significant correlation in cropland with the no-tillage 

management (Hu et al., 2015). Additionally, no correla-

tions between microbial abundance and enzyme activity 

were found in the soils of forests because of intense 

human disturbances (Hu et al., 2002). Negative relation-

ships between microbial abundance and the activities of 

catalase, urease and dehydrogenase were even found in 

artificial wetlands because of interactions among sever-
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al factors such as Cl ions and toluene (Duddridge and 

Wainwright, 1980; Filimon, 2007; Qin et al., 2010; 

Huang et al., 2012). These results suggest that microbial 

abundance is a main factor, but not the only factor, con-

trolling enzyme activity.  

 

Enzyme activity in soils may reflect various ecological 

processes and functions, such as soil fertility and health, 

soil biological activities, vitality of soil microbial popu-

lations and the potential degradation of organic matter 

(Ellis et al., 2001; Margesin et al., 2000; Neto et al., 

2007; Reboreda and Cacador, 2008). Catalase can play 

an important role in catalyzing the decomposition of 

hydrogen peroxide, thereby protecting soil and microor-

ganisms from its harmful effects (Yang et al., 1987; 

Huang et al., 2012). Catalase activity in sediments of 

benches and rapids was higher than that in pools. There-

fore, benches and rapids have the potential to provide 

protection against the harmful effects of hydrogen per-

oxide and to maintain river health. Dehydrogenase ac-

tivity is a sensitive marker for certain ecological pro-

cesses and toxicity of pollutants with respect to micro-

flora (Kelly et al., 1999; Irha et al., 2003). Positive cor-

relations exist between dehydrogenase activity and CO2 

emissions or soil biomass linked to respiration and the 

carbon cycle (Kelly et al., 1999; Benitez et al., 2004). 

High dehydrogenase activity denotes healthy soil with 

active microbial populations, reduced soil pollution, and 

relatively high emission of CO2 (Irha et al., 2003). In 

sediments of pools in the middle reaches of the Duliu 

River, dehydrogenase activity was higher than in those 

of rapids and benches. These findings indicate the pres-

ence of relatively favorable sediments for these ecologi-

cal functions in pools. Alkaline phosphatase and soil 

urease catalyze dephosphorylation and hydrolysis of 

urea to accelerate the release of phosphate ions and am-

monia from OM, as well as the cycling of phosphorus 

and nitrogen (Deng et al., 2009; Millar et al., 2015). 

These processes also result in the synthesis of small 

molecules, such as adenosine triphosphate, to regulate 

biochemical functions (Hu et al., 2015). Alkaline phos-

phatase and urease activities in sediment from pools 

were significantly higher than those in rapids and 

benches. This result indicates the ability of pools to effi-

ciently release phosphate ions and ammonia and to en-

hance cycling of phosphorus and nitrogen. 

 

 

5. CONCLUSION 

The RPBS reflects the habitat heterogeneity of a river 

and directly regulates microbial abundance and enzyme 

activity in sediments. The RPBS can result in differ-

ences in the concentrations of nutrients and heavy met-

als in sediments and further affect microbial abundance 

and enzyme activity. In sediments of the pools in RPBS, 

there were higher abundances of bacteria, fungi, actino-

mycetes, ammonifying bacteria, and denitrifying bacte-

ria than in rapids and benches. High activity of catalase 

in sediments of benches and rapids is beneficial for pre-

venting the harmful effects of hydrogen peroxide. The 

activities of phosphatase, urease and dehydrogenase in 

sediments of pools indicate potential for efficient re-

lease of phosphate ions and ammonia. High dehydro-

genase activity in pool sediments reflects relatively 

healthy conditions for growth of microbes, reduction of 

pollution and increase of CO2 emission. These benefi-

cial ecological processes are mainly performed by the 

RPBS. The restoration of river structures altered by hu-

mans towards the RPBS is recommended for river 

health. 
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