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Abstract

As mediators in key biotransformation processes, the complex enzyme activities (measured as a
total of extracellular and intracellular activity on sub-organism, organism and supra-organism
level) have a high potential to be used as reliable indicators for risk identification in co-contami-
nated sediments with organics and heavy metals. Two enzyme activities—dehydrogenase activity
(TTC-DHA) and phosphatase activity index (PAI) were measured by use of methods with tetrazo-
lium chloride and p-nitrophenyl phosphate in polluted sediments of Middle Iskar River part, Bul-
garia. The environmental state of river sector has been strongly influenced by the organics, nu-
trients, xenobiotics pollutants and by the intensive hydrotechnical activity for construction of 9
micro-hydro power plants. The change of hydrological regime was a factor for intensive sediment
accumulation and concentration of pollutants in the area of the cascade. Data for total activities of
dehydrogenases and phosphatases in sediments were compared with total count of culturable se-
diment bacteria and pollutants concentrations. The results showed that the enzyme activities
correlated positively with bacterial abundance in sediments and organics content in sediments
and negatively with concentrations of xenobiotic pollutants (heavy metals). This approves a high
potential of enzyme indicators for regulation of ecosystem self-purification capacity and for early
assessment of sediment-associated risks of co-contamination. The correlative relations allow di-
viding the mathematical algorithms for control and management of processes in technologically
influenced hydroecosystem.
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Co-Contamination

1. Introduction

Pollution of sediments with organic and toxic contaminants has received increased attention for its widespread
and difficult technological processing for pollutants removal. Contaminated sediments act as an important sink
of pollutants, as well as a potential non-point pollution source which may directly affect overlying waters and
have a critical impact for ecosystem and human health [1] [2]. These concerns continue to drive the need for
early identification of sediment-associated risks, development of specific remedial technologies for solving of
this acute environmental problem and define the effective management of contaminated sediments as a key point
of the global pollution control [3] [4].

A typical example in Bulgaria is the middle part of the Iskar River, where this problem remains very urgent
and the river sector continues to be one of the critical sites with a high risk level for the environment and hu-
mans. The ecological state of river sector has been strongly influenced by the organics, nutrients and xenobiotics
pollutants. The river bed sediments are historical contaminated with difficult biodegradable hazardous pollutants.
To date, the intensive hydrotechnical activity for construction of 9 micro-hydro power plants (cascade Middle
Iskar) is in progress. The change of hydrological regime is a factor for intensive sediment concentration in area
and uncontrollable deaccumulation/accumulation of pollutants. These heterogeneous impacts influence the all
processes of river metabolism and biotic communities; deteriorate significantly the water quality and sediment
status [5]-[7]. The identification of primary risks and adequate management of sediment pollution with removal
of accumulated contaminants is necessary for the improvement of ecosystem health and sustainable functioning
of energy facilities in Middle Iskar River [8] [9].

Biological treatment (bioremediation) of polluted environmental sites is one of the most promising methods
for removal of wide range of contaminants in sediments. The bioremediation is cost effective and environmentally
sound biotechnology since this type of contamination treatment stimulates natural processes and can result in the
complete destruction of hazardous compounds into non-toxic products [10]-[12]. But for target bioremediation
application with high efficiency, the development and verification of indicators and algorithms for identification
of areas and substances of concern in relation to the self-purification capacity of ecosystem is necessary.

As mediators in key biotransformation processes of pollutants, the enzyme activities have a high potential to
be used as reliable indicators for assessment of self-purification potential and sediment-associated risks of con-
tamination with various range of substances. The complex enzyme activities measured as a total of extracellular
and intracellular activity on sub-, organism and supra-organism level describe the functionality of biological
system and give the information for the mechanisms and rate of biotransformation processes on ecosystem level
[7] [13]. Dehydrogenase and phosphatase activities are considered to exist in aquatic systems, soils and sedi-
ments as integral parts of complex enzyme profile and give information about effect of environmental conditions
(including nutrients, organics, pollutants concentration and type) on microbial activities [14]-[19].

The aim of this study is to evaluate the potential of total dehydrogenase and phosphatase activities as indica-
tors for early identification of risks, associated with sediment contamination in technologically managed eco-
system.

2. Materials and Methods
2.1. Study Area

The study was carried out in the area of Middle Iskar cascade—33 km river sector between villages Svoge and
Elisejna in middle part of the Iskar River, Bulgaria. The Iskar River is situated in the Western part of Bulgaria
and entirely flows through the territory of the country. Iskar is the longest Bulgarian river (368 km) with 8650
km? basin area and mean annual runoff of 37.57 m*/s in the study sector. In its middle part the river is long-term
receptor of urban and industrial sewage of Sofia area (capital of Bulgaria) and this pollution results in serious
contamination of waters and sediments. The construction of Middle Iskar Cascade of 9 micro-hydro power
plants with barrages and power stations has been started since 2000s. Flow regulation combined with other
anthropogenic impacts deepen the environmental and technological problems in management of ecosystem.
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2.2. Sampling and Experimental Strategy

The location of sampling sites (Figure 1) was selected on the base of implementation of long-term extensive
monitoring program for assessment of water and sediment quality in connection with construction and function-
ing of hydropower plants in this area [5] [7]-[9] [20]. The first site was at the beginning of the river sector—
Prokopanik (Prok.) and gave information for pollution from Sofia area and initial ecosystem potential for ade-
quate response; the second and third sites Lakatnik and Svrazhen (Lak. and Svr.) were located in the cascade
and gave information for the fate of pollutants and ecosystem response in technologically managed conditions;
the last sampling site was at the end of river sector Gabrovnica (Gabr.) and allowed the application of final
process control. The all sampling sites were located in “river” sectors before or after the impoundments of cas-
cade for elimination of strong effect from technological operation of power stations and regular release of ac-
cumulated sediments at dams.

The analyses of three groups of indicators were included in experimental design:

1) Water quality parameters for complete assessment of pollution in the sampling sites and concentrations of
organics and xenobiotic pollutants (heavy metals) analyzed in their preferred for accumulation matrix—sedi-
ments;

2) Total microbial count in sediments as the most frequently used monitoring parameter for the structural and
functional state of microbial community;

3) Key enzymological parameters (Dehydrogenase activity and Index of Phosphatase activity measured as to-
tal activities)—indicators for functioning of the microbial community and the realization of main transformation
processes.

The samples (a total of 24) from waters and sediments were collected during the high (spring) and low (sum-
mer) flow period of three years 2011-2013. The sediment samples were obtained by manual dredging from 1 -
15 cm depth. The stones and plant fragments were removed by passing the samples through a 2 mm sieve. Each
collected sample consisted of at least 1 kg of sediment and was contained in a separate sealed plastic bag, placed
in a cooler at 4°C, and transported to the laboratory immediately for further analysis. The in situ analyses of
physicochemical parameters were carried out and samples from waters were collected also for more complete
description of environmental state of river sector.

2.3. Analytical Procedures

The physicochemical parameters (oxygen concentration and pH) of waters were measured in situ with portable
Oxy-meter Handylab Ox1/set and pH-meters Handylab pH11/set (WTW). After transferring to the laboratory,
the samples were analyzed in triplicate for determination of organic loading as COD (Chemical Oxygen
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Figure 1. Iskar River catchment and location of sampling sites in area of Middle Iskar Cascade.
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Demand—dichromatic EPA 410.4/ISO 6060 method) [21]. The ammonium, nitrite, nitrate and phosphate con-
centrations were measured after filtering of samples (main pore size 0.45 um) and determination by colorimetric
methods according to the BNS-EN-ISO. TOC (total organic carbon) analyses of sediment samples (years 2011
and 2012) were performed on TOC-V analyzer SSM-5000A, Shimadzu Corporation by combustion catalytic
oxidation method. For analyses of heavy metals content the sediment samples from Prok. and Gabr. sampling
sites were air dried, then powdered and finally passed through a 500 pum sieve. The heavy metals concentrations
were determined by atomic absorption spectrophotometry for As, Cd, Cu, Pb and Zn and by cold vapour atomic
absorption spectrometry for Hg. The concentrations were presented in mg/kg.

The Total Microbial Count (CFU/g) was determined by use of count-plate technique on Nutrient agar for 24 -
48 hat 35°C.

For determination of enzyme activities the sediment samples were sonicated (UD-20 automatic) 3 x 10 s.
Dehydrogenase activity (TTC-DHA) was measured according to the method of Lenhard et al. [22] by the re-
duction of 2, 3, 5-triphenyl tetrazolium chloride (TTC). Phosphatase activity index (PAI) was determined as an
average value of activities of acid, neutral and alkaline phosphatases. The method was based on transformation
of p-nitrophenolphosphate [19].

The enzyme activities were presented per mg of total sediment protein. The protein content was determined
according to micro-biuret method [23].

The data were means of three or more repeats with presented standard deviations.

3. Results and Discussion
3.1. Water Quality in River Sector—Actual State

From all sampling sites, the samples from water phase were collected for analyses of basic chemical quality pa-
rameters (Table 1). The obtained results were compared with the criteria for achievement of good ecological
state of surface waters in terms of low levels of chemical pollution and healthy ecosystem according to Water
Framework Directive (WFD) [24]. The concentration of N-NH, ranged from 0.156 to 4.184 mg/L; N-NO, from
0.026 to 0.302 mg/L; N-NO3 from 0.922 to 4.958 mg/L; P-PO, from 0.213 to 0.967 mg/L; COD from 3212 to
20,932 mgO,/L with high temporal and spatial variations. During the 3-year period of study, the ecosystem
achieved the criteria for good state only by the parameters “dissolved oxygen” and “pH”. Other parameters (es-
pecially N-NH,4, N-NO, and P-PO,) showed a trend for permanent deterioration of water quality. The dynamics
of nitrates had a clearly presented seasonal pattern with higher concentrations during the summer low flow. The
reduced form of nitrogen (ammonium) usually was in high concentrations at the beginning of the river sector,
while the nitrites and nitrates increased their content at the end sampling site. This spatial dynamics indicated
not only the high nitrogen loading of system but also the fast oxidation transformation processes of nitrogen in
the area of the cascade.

The spatio-temporal trends of hydrochemical parameters showed the significant anthropogenic disturbance,
high environmental stress and presence of serious loading with nutrients and organics in study ecosystem. But
the high available content of nitrogen, phosphorus and easy biodegradable organics can also be stimulating fac-
tor for the in situ microbial community and therefore enhance the future bioremediation [10] [12] [25].

3.2. Organic Content and Pollution Status of Sediments

Total Organic Carbon (TOC) is a measure of the concentration of organic matter in sediments. It represents the
long-term, average burial rate of organic material in the sediments. The presence of organic matter in sediment
is directly related to the bioavailability of the heavy metals—the metals bound to biogenic carbonates and or-
ganic matter are much more available [26] [27]. The unified criteria for TOC in freshwater sediments are not
still established on European or national level but the other recommendations determine the values under 1% as
low and the values above 3% as indicator of strong anthropogenic impact [28].

The content of TOC in studied sediments varied in range: 0.09% - 0.56% (Figure 2). The lower values were
detected in 2011 and at the first sampling site Prok. The measured values of TOC < 1% could be indicator for
fast mineralization of organics in the system without retention in sediments but this low content could be
potential obstacle for applicability of some bioremediation technologies and for achieving the aims of integrated
river basin management, too.
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Table 1. Water quality basic chemical parameters in study river sector for high (spring) and low flow (summer) periods of
2011, 2012 and 2013. The data marked with grey colour do not achieve the criteria for good ecological state.

2011-high flow period

2011-low flow period

Prok. Lak. Svr. Gabr. Prok. Lak. Svr. Gabr.
Dissolved O,, mg/L 7.62 9.05 8.22 9.30 6.00 8.12 6.35 8.00
pH 742 7.92 .77 7.86 7.64 8.00 7.88 7.96
COD, mgO,/L 9.788 10.610 3.212 8.692 18.009 5.678 3.760 11.158
N-NH,4, mg/L 0.250 0.331 0.488 0.474 2.100 0.258 0.234 0.156
N-NO,, mg/L 0.149 0.233 0.191 0.186 0.191 0.050 0.026 0.026
N-NOs, mg/L 1311 2.793 2.724 2.807 3.167 3.456 3.488 3.831
P-PO,4, mg/L 0.388 0.296 0.332 0.326 0.691 0.967 0.512 0.496
2012-high flow period 2012-low flow period
Prok. Lak. Svr. Gabr. Prok. Lak. Svr. Gabr.
Dissolved O,, mg/L 6.99 9.68 7.57 9.36 5.98 8.80 8.76 8.37
pH 7.49 8.30 7.85 8.18 741 8.10 7.90 7.84
COD, mgO,/L 3.351 11.223 6.240 8.821 13.351 7.870 9.240 9.788
N-NH,, mg/L 1.300 0.523 0.397 0.234 2.832 0.843 2.002 2.133
N-NO,, mg/L 0.211 0.225 0.167 0.096 0.121 0.060 0.046 0.039
N-NOs, mg/L 1.355 1.941 2.030 2.183 2.607 2.756 1.922 1.788
P-PO,4, mg/L 0.229 0.242 0.255 0.257 0.291 0.280 0.216 0.213
2013-high flow period 2013-low flow period
Prok. Lak. Svr. Gabr. Prok. Lak. Svr. Gabr.
Dissolved O,. mg/L 7.45 9.50 8.40 9.34 7.50 9.93 nd 9.94
pH 7.45 7.68 7.68 7.61 7.72 7.97 nd 8.01
COD. mgO,/L 6.500 10.062 20.932 14.721 10.020 10.555 nd 10.488
N-NH,. mg/L 1.143 0.461 0.373 0.362 4,184 1.363 nd 0.796
N-NO,. mg/L 0.082 0.132 0.134 0.147 0.173 0.302 nd 0.298
N-NO3. mg/L 0.922 2.195 2.807 3.080 2.737 4.538 nd 4.958
P-PO,. mg/L 0.347 0.371 0.393 0.401 0.232 0.231 nd 0.213

The pollution status of river sediments in Middle Iskar Cascade was assessing by the concentrations of 6
heavy metals—As, Cd, Cu, Hg, Pb and Zn (Table 2). The range of metals content was: 6 - 23.3 mg/kg for As;
0.2 - 1 mg/kg for Cd; 36 - 82.5 for Cu; 0.05 - 1.9 mg/kg for Hg; 27 - 53 mg/kg for Pb and 158 - 305 mg/kg for
Zn. The measured concentrations had wide variations but the content of arsenic and mercury was close or higher
than the maximum admissible levels in 2011 and 2013 at Gabr. for As, in 2011 at two sampling sites for Hg.
These high concentrations of toxic, non-biodegradable substances can affect negatively the abundance, struc-
tural and functional diversity of sediment microbial community [29]-[31].
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Figure 2. Total organic carbon (TOC) in sediments of Middle Iskar cascade in 2011 and 2012.

Table 2. Concentrations of heavy metals (mg/kg) in sediments of Middle Iskar Cascade. The
data marked with grey colour are close or higher than maximum admissible concentrations.

Prok. As Cd Cu Hg Pb Zn
2011 125 0.8 36 1.2 41 185
2012 11 1 58 0.2 53 246
2013 12 0.2 39 0.05 27 169
Gabr.

2011 23.3 0.54 82.5 1.9 53 158
2012 6 1 74 0.2 52 305
2013 23 1 64 0.05 38 178

3.3. Sediment Microbial Community—Culturable Bacteria Screening

The in situ microbial community (culturable bacteria) in sediments of Middle Iskar Cascade was presented in
high numbers—from 0.3 to 3.1 x 10° CFU/g (Figure 3). The higher microbial count was determined at the be-
ginning of the cascade (Prok.) in 2011 and in Lak. and Svr. during the 2013. The seasonal dynamics of this mi-
crobial indicator did not show the clear trend—only in 2012 the values from summer sampling were higher than
these from spring sampling. The decrease of CFU was observed at the last sampling site—Gabr. where the low-
est number was determinate in 2011—0.3 x 10° CFU/g. This low value was in correspondence with the low
content of TOC (Figure 2) and high heavy metals concentrations in this period (Table 2).

3.4. PAl and TTC-DHA in Sediments

Phosphatases catalyzes the hydrolysis of phosphate esters, releasing phosphate groups bound in more complex
substrates such as organic matter, thus is responsible for the mineralization of organic phosphorus in the form of
inorganic phosphorus which is available for the requirements of microorganisms and macrophytes [32].

The mean values of phosphatase activity index (PAI) were in range of 0.153 - 0.997 mkM pNP/min mg Pr
(Figure 4). The minimal values were measured at Lak. and Gabr. during the summer low flow period in 2011; at
Svr. during the spring high flow period in 2012. In these sampling sites the TOC concentrations in sediments



Y. Todorova et al.

msprin msummer
35 - pring
3 ) ] —
25
g
e 21
)
L
o
G 151
>
'_
1
05 - I ’—I
0
4
o
N
N . . .
o
[a

Lak. 2011
Svr. 2011

-
—
o
I3
_
is)
]
U]

Prok. 2012
Lak. 2012
Svr. 2012
Gabr. 2012
Prok. 2013
Lak. 2013
Svr. 2013
Gabr. 2013

Figure 3. Total count of culturable bacteria (CFU/g) in sediments during the 2011-2013: spatio-temporal dynamics.
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Figure 4. PAI in sediments during the 2011-2013: spatio-temporal dynamics.

decreased significantly (Figure 2) and this low content affected negatively the abundance and functional state of
microbial community and PAI. In summer of 2011 the inhibition effect of heavy metal pollution was also pre-
sented on functional level and the low PAI could be result of cumulative impacts in the system.

Dehydrogenase activity reflects the work of a group of intracellular enzymes that are present in the microbiota,
realize the metabolic reactions involved in oxidative energy transfer and are considered a good indicator of
microbial activity [32].

Data for TTC-DHA in sediments of Middle Iskar cascade were presented on Figure 5. The dynamics of en-
zyme activity had a clear seasonal pattern—the higher values from 6.36 to 33.51 mkM H+/min mg Pr x 10°°
were determinate during the spring high flow period. In the summer values were in the range of 5.81 - 22.28
mkM H+/min mg Pr x 10 ®. The increase in the total activity of dehydrogenases was observed in the sediments
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of sampling sites inside the cascade—Lak. and Svr. The same relation with the TOC as PAI was presented too.

3.5. Correlation between Enzyme Activities and Other Indicators

Phosphatases are important for realization of P cycling in aquatic environment, involving in mineralization of
organic P and releasing phosphates for macrophytes. Dehydrogenases play an important role in the oxidation of
organic matters. This functional role determines the direct relationships of two enzyme activities with the con-
centration and fate of organics in the system. The analysis of correlation matrix between parameters (Table 3)
confirmed the positive correlation between PAI and TOC, TTC-DHA and TOC (r = 0.785 and 0.702 respective-
ly) despite the low values of TOC in sediments of Middle Iskar cascade. The significant correlation with COD
values of waters was not detected. PAI and TTC-DHA correlated significantly with the total microbial count in
sediments—indicator for capabilities of in situ microbial community. But the co-contamination of river sector
with heavy metals had a negative effect on enzyme activities—the values of PAI was correlated strongly nega-
tively with the concentrations of arsenic and mercury (r = —0.777 and —0.663); TTC-DHA was not presented a
significant correlation with heavy metals content.

The data for in situ PAI confirmed the previous data for inhibition effect of other heavy metals Cd, Cu, Pb
and Zn measured in sediments of Middle Iskar cascade in model laboratory system [7] [8] and for other soil and
aquatic ecosystems [29]-[31] [33]. The response of TTC-DHA to metal contamination in studied sediments was
not unidirectional both in lab and in situ cownditions [7] [8].
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Figure 5. TTC-DHA in sediments during the 2011-2013: spatio-temporal dynamics.

Table 3. Pearson correlation matrix between parameters (values in grey colour are different from 0 with a significance level

= 0.05).
PAI TTC-DHA TOC CODw TMC As Hg
PAI 1
TTC-DHA 0.535 1
TOC 0.785 0.702 1
CODw 0.430 0.080 0.376 1

TMC 0.601 0.622 0.673 0.121 1
As -0.777 —0.461 - - —0.060 1
Hg —0.663 —0.149 - - -0.837 0.435 1
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4. Conclusions

The data confirmed the presence of complex pollution (co-contamination with nutrients, organics and heavy
metals) in Middle Iskar River ecosystem with multidirectional effect. The substances of concern in risk identifi-
cation are nitrogen and phosphorus in waters, and heavy metals in sediments (Hg and As). The studied enzyme
activities—TTC-Dehydrogenase and Phosphatase Activity Index correlated positively with abundance of cul-
turable sediment bacteria and concentration of organics in sediments. The high concentrations of heavy metals
affected negatively the structural parameter (total microbial count) and the functional indicators for its metabo-
litic activity—the microbial count and enzyme activities reduced their values twice. This approves a high poten-
tial of enzyme indicators for regulation of ecosystem self-purification capacity and for early assessment of bio-
remediation technologies effectiveness for removal of the sediment contaminants.

The adequate contaminant monitoring and remediation program should be implemented in area of Middle
Iskar cascade for minimization of the impacts. The correlative relations between parameters allow dividing the
algorithms for effective control and management of processes in this technologically influenced hydroecosys-
tem.
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