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Abstract Deposition of dredged harbor sediments in

relatively undisturbed ecosystems is often considered a

viable option for confinement of pollutants and possible

natural attenuation. This study investigated the effects of

deposition of heavy-metal-polluted sludge on the microbial

diversity of sandy sediments during 12 months of meso-

cosm incubation. Geochemical analyses showed an initial

increase in pore-water metal concentrations, which sub-

sided after 3 months of incubation. No influence of the

deposited sediment was observed in denaturing gradient

gel electrophoresis (DGGE) profiles of bacterial 16S rRNA

genes, whereas a minor, transient impact on the archaeal

community was revealed. Phylogenetic analyses of bacte-

rial 16S rRNA clone libraries showed an abundance of

members of the Flavobacteriaceae, the a- and c-Proteo-

bacteria, in both the muddy and the sandy sediments.

Despite the finding that some groups of clones were shared

between the metal-impacted sandy sediment and the harbor

control, comparative analyses showed that the two sedi-

ments were significantly different in community

composition. Consequences of redeposition of metal-

polluted sediment were primarily underlined with cultiva-

tion-dependent techniques. Toxicity tests showed that the

percentage of Cd- and Cu-tolerant aerobic heterotrophs

was highest among isolates from the sandy sediment with

metal-polluted mud on top.

Introduction

Different degrees of heavy metal pollution have been

observed in coastal areas of northwestern Europe, mostly

attributed to industrial discharges, waste-disposal streams,

and atmospheric deposition of exhaust gasses. Stringent

environmental legislation has led to a reduction of these

metal discharges in the last 15 years (EEA 2003). However,

considerable heavy metal pollution of sediments from har-

bors and marinas have been attributed to the application of

antifouling paints on ship hulls (Schiff et al. 2004; Warnken

et al. 2004). Some of these harbors have to be dredged

frequently for navigational purposes, as is the case for

harbors in northwestern Europe, from which more than

200 million cubic meters of contaminated sludge is dredged

on an annual basis (Bortone et al. 2004). Dredging opera-

tions can increase metal mobilization by whirling up fine-

sediment particles and allowing oxygen to come in contact

with previously buried and reduced sediments. The extent

of metal release depends on local parameters such as sedi-

ment geochemistry, currents, grain size, pH, and salinity

(Van den Berg et al. 2001). Unquestionably, a variety of

biological parameters also play a role in metal mobilization.

When sediment contamination is low, several methods are

available to avoid (potential) dispersion or release of toxic

metals. Risk assessment studies show that in situ capping

(confinement by an inert barrier) or passive natural attenu-

ation offer viable alternatives to removal of sediments by

dredging (Wang et al. 2004). However, when metal-con-

taminated sediments need to be removed for navigational

purposes, the most common practice is to simply relocate the

dredged material in the same system, with the assumption

that this procedure has minimal effect on biotic and abiotic

parameters (Bortone et al. 2004) and, hence, will not lead to

the release of toxic metals. This study therefore investigated
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the effect of the deposition of dredged metal-contaminated

sediment on microbial diversity and metal resistance of

microbes in uncontaminated sandy sediment.

Bacterial heavy-metal-resistances studies have been car-

ried out mostly on pure cultures (Miao et al. 2005; Nies

1999; Silver 1996; Surosz and Palinska 2004). Recently,

some insight has also been gained into the genetic flexibility

of mixed microbial populations with respect to metal con-

tamination and widespread occurrence of lateral gene

transfer in response to metal toxicity (Cook et al. 2001;

Sobecky et al. 1998). Whereas effects on phytoplankton and

archaeal communities are described, most studies have

focused on bacterial diversity in marine sediments with long-

term impact by heavy metals (Gillan et al. 2005; Powell

et al. 2003; Sorci et al. 1999). An investigation of biodi-

versity in several polluted and pristine Antarctic sediments

showed substantial statistical variation between and within

control groups (Powell et al. 2003). Furthermore, although

Sorci and co-authors (1999) observed an increase in biodi-

versity along with heavy metal contamination, other

investigators measured no change (Gillan et al. 2005) or the

exact opposite response (Sandaa et al. 1999a). These dif-

ferences might be explained by adaptation time and/or

cocontamination with organic material, but these assump-

tions remain speculative. Therefore, this study was limited to

better controlled conditions. We used (relatively) short-term

exposure to metals and employed mesocosms in order to

minimize abiotic variances and to enable frequent sampling.

We describe the effects of controlled disturbance

(‘‘dredging’’) and redeposition of metal-polluted silty sedi-

ment on a sandy sediment, by combining diversity

assessments of Bacteria, Archaea, and Cyanobacteria with

temporal and spatial profiles of metals. Four mesocosms were

subjected to selected treatments mimicking the deposition of

metal-polluted sediment, microscale disturbances (i.e., bio-

turbation by Nereis diversicolor), and seasonal variation (i.e.,

algal bloom by the addition of Spirulina sp.). Geochemical

analyses of the sediments comprised measurements of nutri-

ents, oxygen, and heavy metals throughout the duration of the

project (16 months). Microbial diversity studies focused on

the first 2 cm of surface sediments and included 16S rDNA

DGGE (denaturing gradient gel electrophoresis) analysis for

the domains Bacteria and Archaea, as well as for the phylum

Cyanobacteria. Bacterial diversity was further explored by the

construction of 16S rDNA gene clone libraries and metal-

toxicity tests on aerobic heterotrophic isolates.

Materials and Methods

Description of Field Sites

In June 2003, intact blocks of sediment were collected from a

metal-contaminated harbor basin (HB) and a geographically

related intertidal flat (IF) on the North Sea coast of Germany.

The HB sediment was sampled at a 11-m depth with a

box-corer and was composed primarily of fine-grained

material (78.6% of the grains were smaller than 20 lm).

Hydrocarbon contamination was detected in the harbor

sediment (polychlorinated biphenyl: 41–175 lg/kg dry

weight; and polyaromatic hydrocarbon: 14–18mg/kg dry

weight).

The sediment from the IF was composed mainly of

coarser grains (99.5% of the grains ranging from 200 to

600 lm; M. Huettel, personal communication). Salinities

in the HB and the IF were low (28% and 29–30%,

respectively), reflecting the input of freshwater from a river

situated 3 km west of the harbor region. The IF sampling

site has been described elsewhere (de Beer et al. 2005;

Musat et al. 2006).

Mesocosm Design, Treatments, and Sampling

For controlled and time dependent measurements, meso-

cosms were set up and run during the duration of the

project (16 months, June 2003–October 2004). Four glass

aquaria, each 120 9 30 9 20 cm, were filled with sedi-

ments (36 L, or *38.5 kg dry weight of IF sediment and

21.9 kg dry weight of HB sediment) to a height of 10 cm.

The mesocosms were filled with North Sea water, resulting

in a water column of 10 cm on top of the sediment (36 L).

Four mesocosms were established with (1) polluted sedi-

ment (HBC), (2) homogenized polluted sediment (HBH),

(3) sandy sediment (IFC), and (4) sandy sediment with a

3-mm layer of polluted sediment deposited on top (IFD).

Water (salinity 27–30%) was permanently circulated

with a metal-free pump at flow rates ranging from 9 to

10.5 cm/s. In order to compensate for evaporation, deion-

ized water was added when necessary. The mesocosms

were kept at constant temperature (19�C) and illuminated

12 h per day with fluorescent tubes (T5/Biolight, daylight

80W), at a total irradiance of 40–50 lmol photons/m/s at

the sediment surface. Measurements of pH in the water

column of the mesocosms showed little variation over time

[i.e., 8.0 ± 0.1 (HBC and HBH) and 7.8 ± 0.1 (IFC and

IFD)].

Mesocosm HBC contained undisturbed sediment from

an industrial HB. Sediment from the same location was

homogenized in a cement mixer for 20 min under aerobic

conditions before being placed in mesocosm HBH, mim-

icking mixing processes that might occur during dredging.

Mesocosms IFC and IFD contained sediments from an IF

of the German Wadden island Sylt. After an initial stabil-

ization period of 3 months (June 2003–October 2003), 1 L

of metal-contaminated sediment was added to mesocosm

IFD in October 2003, forming a layer of about 3 mm
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thickness on the sediment surface. In November 2003,

bioturbation was introduced in all sediments by the addi-

tion of 100 individuals of the polychaete N. diversicolor. In

February 2004, a spring algal bloom was mimicked by the

addition of organic matter (30 g C/m2) in the form of algae

[80% dried Spirulina sp. (Aldrich) and 20% macroalgae

collected from a beach]. In September 2004, an additional

50–80 individuals of N. diversicolor and Arenicola marina

were added to each mesocosm. Survival time of the poly-

chaete worms in mesocosms HBC and HBH varied from 2

to 5 months, whereas in mesocosms IFC and IFD, they

lasted throughout the project.

Samples for DNA extraction as well as samples for the

culture-dependent experiments were taken from the top

2 cm of surface sediment with sterile, cutoff syringes

(2.5 mL). In all cases, samples from three different points

in the mesocosms were taken and pooled together, in order

to minimize variation due to heterogeneity.

Pore-Water Carbon, Nutrients, Oxygen, and Metal

Analysis

Pore water was extracted by centrifugation of the sediment

(sampled with a small corer, 2.6 cm in diameter, and 1-cm-

thick slices resulting in 5.3 mL of sediment) in acid-washed

SpinexTM (Phenomenex) filter units at 2500g for 10 min.

Samples for nitrate, ammonia, phosphate, and silicate were

measured as described previously (Hansen and Koroleff

1999). Sulfate concentrations were measured with an ion

chromatograph (Ferdelmann et al. 1997). Total carbon (TC)

and total organic carbon (TOC) were measured in freeze-

dried sediment samples with the CNS Analyzer (Fisons

Eager 200). For the TOC measurements, the samples were

acidified with 6 N HCl prior to analysis to release inorganic

carbon. Oxygen consumption and production rates were

determined from the change of the oxygen concentration in

the water column. The mesocosms were closed without gas

phase and the water column oxygen concentration during

light and dark incubation was monitored with oxygen micro-

optodes (Microx TX3; Presense). For determination of pore-

water metal concentrations, samples were amended with

100 lL of 12 N HCl to prevent oxidation of the metal. The

samples were centrifuged and the supernatant was stored at

4�C until analysis on the inductively coupled plasma–mass

spectrometer (ICP-MS; Zhang and Davison 1999). A certi-

fied reference material (SLRS-4 from the National Research

Council of Canada) was measured routinely. The values

obtained were within the standard deviation of the certified

values. The diffusive flux of dissolved constituents across the

sediment–water interface can be calculated according to

Fick’s first law of diffusion with a modification appropriate

for sediments. In this work, metal fluxes were calculated for

each mesocosm using the concentration gradient of DET

(diffusive equilibrium thin gel technique; Zhang and Davi-

son 1999) metal measurements over a 4-mm distance

immediately below the sediment surface. Diffusive gels

were prepared using acrylamide solution and an agarose

derivative crosslinker (DGT Research Ltd), as described by

Zhang and co-authors (1995). DET probes were deployed for

56 h in the sediment. Nonlinearity in some concentration

gradients could introduce errors in some calculations.

Cultivation of Heterotrophic Bacteria and Metal

Toxicity Assay

Filter-sterilized mesocosm water (5 mL) was added to

pooled sediment samples (*6 g wet sediment) and shaken

rigorously for 10 min. Of this solution, 10, 25, and 50 lL

were used to inoculate agar plates containing a mineral

medium (1 L contained the following: 1 g NH4Cl, 0.2 g

MgSO4 � H2O, 0.1 g CaCl2 � 2H2O, 0.05 g K2HPO4 � 3

H2O, 27.5 g NaCl, 10 mmol HEPES, 5 mmol acetate,

10 mg yeast extract, 1 mL of standard trace element solu-

tion, and 15 g agarose, pH 7.5; Widdel and Pfennig, 1984).

After 24 h of incubation at 25�C, individual colonies were

picked with sterile toothpicks and used as inoculum for new

plates, until 30 monoclonal (‘‘pure’’) cultures per mesocosm

were obtained (excluding mesocosm HBH because initial

experiments did not indicate any differences with HBC). Due

to the presence of isolates with agarolytic traits in collections

from IFC and IFD, fewer isolates could be tested on agar

diffusion assays (i.e., 21 and 23, respectively).

Isolates were subjected to zone of inhibition assays with

filter disks impregnated with either 500 nmol of CuSO4 or

150 nmol of CdCl2 in duplicate. Previous tests with variable

amounts of Cu and Cd on impregnated disks showed that

the applied concentrations resulted in an adequate separa-

tion of tolerant and sensitive bacterial species. Plates were

incubated at 25�C for 72 h prior to measuring the zone of

growth inhibition with a ruler. Bacteria were identified as

metal tolerant when growth occurred within a 5-mm zone of

the center of the Petri dish and as metal sensitive when zone

of growth inhibition was larger than 12 mm.

DNA Extraction and 16S rRNA Gene Amplification

Extraction of genomic DNA was performed on sediment

samples (0.25–0.5 g of wet sediment) with the Ultra Clean

Soil DNA Isolation Kit (MoBIO Laboratories, USA)

according to the manufacturer’s manual. Genomic DNA

was used for amplification of DGGE fragments and the

nearly complete bacterial 16S rRNA gene. All polymerase

chain reaction (PCR) reactions were conducted in 50-lL
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reactions with *50 ng target DNA using the Taq PCR

Master Mix kit (QIAGEN, Germany) in a Thermocycler

(BioMetra, Germany). PCR products were analyzed by gel

electrophoresis (1% agarose gel, 30 min, 100 V), stained

with ethidium bromide (0.6 lg/mL) and visualized with the

Bio-Rad Gel Doc 1000 under ultraviolet (UV) illumination.

Bacterial DGGE fragments were amplified as described

previously with primers 341F-GC and 907R (Schäfer and

Muyzer 2001). DGGE fragments from Cyanobacteria and

chloroplasts were amplified with primer 359F-GC and an

equimolar mixture of the reverse primers 781R(a) and

781R(b) and PCR conditions as described by Nübel et al.

(1997). DGGE fragments of Archaea were amplified with

primers Parch519F and ARC915R-GC and PCR conditions

as described previously (Coolen et al. 2004).

The nearly complete bacterial 16S rRNA genes were

amplified with forward primer 63f-mod and reverse primer

1387r-mod (Marchesi and Weightman 2000). The PCR

reactions were conducted according to the following pro-

gram: 94�C for 5 min (1 cycle), 94�C for 1 min, 65�C for

1 min, 72�C for 3 min (30 cycles), and final extension at

72�C for 10 min (3 cycles).

DGGE and MDS Analyses

Denaturing gradient gel electrophoresis was performed as

described previously (Schäfer and Muyzer 2001).

Approximately 400 ng of PCR product was loaded per

lane. For the analysis of Bacteria and Cyanobacteria, gels

with denaturant gradients of 20–80% were run for 16 h at

100 V. The archaeal community was analyzed by running

gels with a 20–60% denaturing gradient for 5 h at 200 V.

Gels were incubated for 30 min in an ethidium bromide

solution (0.5 lg/mL) and photographed using the GelDoc

UV Transilluminator. In order to assess changes in the

microbial communities over time, the DGGE patterns were

analyzed with multidimensional scaling (MDS) as descri-

bed previously (Schauer et al. 2000). Digital DGGE

images were analyzed with an ImageJ 1.36b (Wayne

Rasband, National Institutes of Health, USA;

http://www.rsb.info.nih.gov/ij). This program creates a

density profile through each lane, detecting bands and their

intensity. For each DGGE gel, these values were used to

create a species-abundance matrix, which was imported

into the statistical program Primer-E (version 6, UK

Department for Environment, Food and Rural Affairs).

Data were standardized by applying a square root trans-

formation, after which a resemblance matrix was created

using Bray-Curtis similarity. MDS configuration plots were

generated and these graphs received an overlay of cluster

analysis of the same samples (based on similarity, chosen

percentages of 50%, 60%, and 75%).

Clone Libraries and Screening

Three clone libraries were prepared with near-complete

16S rRNA genes amplified from mesocosm HBC (May

2004 and October 2004, HBC2 and HBC3, respectively)

and from mesocosm IFD (October 2004, IFD3). Initially,

the PCR product was purified by gel electrophoresis [2%

(w/v) agarose gel], excised and processed with the QIA-

quick Gel Extraction Kit (QIAGEN, Germany). The PCR

product was ligated in the PCR 2.1-TOPO� vector and

used to transform TOP10 chemically competent Esche-

richia coli cells, according to the manufacturer’s manual

(Invitrogen Life Technologies, The Netherlands). Of the

positive clones 38, 101 and 103, clones from HBC2, HBC3,

and IFD3, respectively, were subjected to colony PCR of

the insert using primers 63f-ext and 1387r-ext (Marchesi

and Weightman 2000). ARDRA screening (amplified

ribosomal DNA restriction analysis) with restriction

enzyme RsaI was done at 37�C for 2 h. Restriction products

were separated by gel electrophoresis [2% (w/v) agarose

gel, 180 min, 80 V], stained and visualized as described

earlier. The restriction patterns were clustered manually.

Of each cluster, two to four representative clones (except

for groups with only one representative) were selected for

complete sequencing of the insert. Plasmids of selected

clones were purified with the QIAprep Spin Miniprep Kit

(QIAGEN, Germany).

Sequencing, Phylogenetic Analysis, and Accession

Numbers

Insert-containing plasmids were sequenced with universal

primers M13 forward (-20) (50-GTA AAA CGA CGG CCA

G-30), M13 reverse (50-CAG GAA ACA GCT ATG AC-30),
and internal primer 907R. Excised, reamplified, and purified

DGGE bands were sequenced with the appropriate forward

primer, lacking the GC-clamp. All DNA sequencing reac-

tions were carried out on an ABI 3730 sequencer (Applied

Biosystems, USA). Partial clonal sequences were combined

in the Web-based program CAP sequence assembly machine

to form a contig (http://www.bio.ifom-firc.it/ASSEMBLY),

of which the remaining primer sites were removed. Modified

sequences were compared to sequences stored in GenBank

using the BLAST algorithm (Altschul et al. 1990;

http://www.ncbi.nlm.nih.gov/BLAST) and subsequently

imported into the ARB software program (Ludwig et al.

2004; http://www.arb-home.de). Alignments were corrected

manually when necessary. A phylogenetic tree was created

with the neighbor-joining algorithm. Shorter sequences,

such as the DGGE bands, were inserted into this tree one at a

time while applying a filter focusing only on the positions of

the shorter fragment. Clonal 16S rRNA sequences were
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deposited at GenBank under accession numbers DQ334608

to DQ334670 and EF137898 to EF137903. Excised, ream-

plified, and identified DGGE bands were deposited under

accession numbers EF137873 to EF137897.

WebLIBSHUFF Analysis and Calculation of Diversity

Indexes

A similarity matrix, calculated with Jukes–Cantor correc-

tion, was exported from ARB software and used to estimate

coverage curves and comparisons between clone libraries

with the Web-based program webLIBSHUFF (J. R. Hen-

riksen, 2004; http://www.libshuff.mib.uga.edu/) From this

similarity index, a species-abundance file was created by

grouping similarity coefficients higher than 95% (chosen

OTU definition). Multiplication with the corresponding

frequency of the ARDRA cluster gave rise to species-

abundance data. This file was used as input for EstimateS, a

Web-based program that allows for the determination of

several nonparametric biodiversity estimators (Version 7.5,

R. K. Colwell, http://www.purl.oclc.org/estimates). Diver-

sity settings included the use of the classical formula for

the Chao2 estimator, setting the sample randomization to 1

and putting the upper abundance limit for rare species to 3.

Coverage was calculated using the method of Good (Good

1953) with the equation C = (1 - (n1/N)) 9 100, where n1

is the number of unique clones within a library and N is the

total number of clones examined. Coverage of clone

libraries is a parameter that gives information about how

well the retrieved data resemble the original sample, by

using statistical information on the frequencies of rare

clones. Richness estimators are used to compare biodi-

versity between different samples and take into account

both the number of species and their relative abundance.

Results

Sediment Characterization and Mesocosm Incubation

Two marine sediments were used in this study (i.e., metal-

polluted, fine-grained sediment from a HB and sandy sed-

iment from a relatively undisturbed IF) (Table 1). Four

mesocosms were established with (1) polluted sediment

(HBC), (2) homogenized polluted sediment (HBH), (3)

sandy sediment (IFC), and (4) sandy sediment with a 3-mm

layer of polluted sediment deposited on top (IFD). A

description of the four mesocosms, incubation conditions,

and specific treatments is presented in the Materials and

Methods section. Pore-water concentrations of ammonia,

phosphate, sulfate, and carbon content were measured

during mesocosm incubation in order to investigate the

impact of experimental disturbances on abiotic parameters.

Oxygen fluxes were measured at the sediment–surface

interface as an indirect indicator of (photosynthetic)

microbial activity. Table 1 summarizes geochemical char-

acteristics of the sediments in the mesocosms at different

time points: after 3 months in the mesoscosms, directly

following the deposition of metal-polluted silt on the sandy

sediment in mesocosm IFD (October 2003), again 3 months

later, well after the introduction of bioturbation (January

2004), and after 1 year of mesocosm incubation (October

2004). TC remained more or less stable during incubation in

the mesocosms. Homogenization and redeposition of pol-

luted muddy sediment (mesocosms HBH and IFD) had

minor effects on organic carbon when compared to the

control mesocosms (HBC and IFC, respectively). Ammonia

concentrations were elevated in the homogenized polluted

sediment (HBH) and remained high after 1 year.

Illumination during daytime resulted in the development

of a dense cover of phototrophic biomass in mesocosm IFC

and to a lesser extent in IFD. The oxygen penetration depth

generally varied between 2 and 8 mm in all sediments.

Oxygen fluxes were measured regularly at the sediment–

Table 1 Carbon and nutrients in surface sediments (top 2 cm)

Nutrient Time Mesocosm

HBC HBH IFC IFD

TC (in mmol C/g

dry weight)

Oct. 2003 3.5 3.4 0.11 0.11

Jan. 2004 3.4 3.4 0.12 0.13

Oct. 2004 3.3 3.1 0.27 0.12

TOC (in mmol C/g

dry weight)

Oct. 2003 1.10 0.74 0.03 0.08

Jan. 2004 89 0.94 0.04 0.10

Oct. 2004 0.86 0.76 0.03 0.05

C/N (total C/total N) Oct. 2003 11.3 11.5 6.1 7.4

Jan. 2004 10.7 10.6 6.6 7.0

Oct. 2004 10.5 10.9 7.2 5.8

NH4
+ (in lM) Oct. 2003 51 110 NDa ND

Jan. 2004 55 88 58 31

Oct. 2004 43 79 15 19

PO4
3- (in lM) Oct. 2003 30 8.3 ND ND

Jan. 2004 15 12 11 9.4

Oct. 2004 15 11 13 26

SO4
2- (in mM) Oct. 2003 25 23 29 27

Jan. 2004 23 20 26 25

Oct. 2004 24 28 22 24

Note: HBC: undisturbed harbor sediment; HBH: homogenized harbor

sediment; IFC: undisturbed intertidal sediment; IFD: intertidal sedi-

ment with a 3-mm layer of HBH deposited on top. Oct. 2003: samples

taken directly after sediment deposition in IFD; Jan. 2004: samples

taken after bioturbation was introduced; Oct. 2004: samples taken

after introduction of organic matter and renewed bioturbation
a ND: not determined
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water interface in the mesocosms. Oxygen fluxes in the

control sandy mesocosm (IFC) remained quite stable for

the first 3 months, at around 10 mmol O2/m2/day (a posi-

tive number indicating transport from sediment to water

column), and then steadily increased to 72 mmol O2/m2/

day in October 2004. In contrast, oxygen production

declined rapidly in mesocosm IFD after deposition of silt

on the sandy sediment: 22 mmol O2/m2/daylight in Sep-

tember 2003, to 4 mmol O2/m2/daylight in November

2003, and dropping to zero in January 2004. In mesocosms

HBC and HBH, oxygen production was stable in time, but

data indicated lower oxygen production rates (i.e., 7 mmol

and 5 mmol O2/m2/daylight, respectively).

Metal Analysis

Spatial and temporal concentration profiles of Fe, Cu, and

Cd in the mesocosm sediments were measured in order to

estimate the extent of metal release or metal immobilization

during controlled disturbances. In Figure 1 pore-water

concentrations of Fe (Figs. 1A and 1B), Cu (Figs. 1C and

1D), and Cd (Figs. 1E and 1F) in the sediments directly

after deposition of metal-polluted sediment in IFD (October

2003) and after 6 months of mesocosm incubation with

bioturbation (January 2004) are summarized. Please note

that the units of the x-axis in the right-hand panels are a

factor 3–10 lower than the left-hand panels. From the first

pore-water profiles (Figs. 1A and 1B), it can be seen that Fe

dominated metal geochemistry in HB sediments and was

detected at all depths of the sediment column. The sandy IF

sediments had Fe concentrations approximately threefold to

fivefold lower, with the exception of the October 2003 IFD

sample, taken directly after metal-polluted mud deposition,

showing considerable Fe concentrations below a 3-cm

depth. Regarding Cu and Cd, pore-water concentrations

were elevated in sediment IFD in October 2003 (Figs. 1C

and 1E, respectively), whereas after 3 months, levels were

back to the control values (Figs. 1D and 1F, respectively).

Both Cu and Cd profiles show maximal concentrations at, or

just below, the sediment surface.

Microscale pore-water metal analysis at the sediment–

water interface measured with DET permitted the estima-

tion of metal fluxes as presented in Table 2. Initially,

substantial metal fluxes could be measured (i.e., from sed-

iment into water column) in mesocosms HBC and IFD.

After 3 months of bioturbation, most metal fluxes had

subsided, except for Cu, which was relatively high at the

end of the project. The homogenized sediment in mesocosm

HBH initially exhibited little or no metal fluxes, but metal

transport developed after 3 months and then declined.
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Fig. 1 Pore-water Fe (A, B), Cu (C, D), and Cd (E, F) concentrations

in mesocosm sediment during incubation (two replicates). Symbols

shown in part B are valid for all graphs. Note that the scales of the x-

axes of all right-hand panels are a factor 3–10 lower. Timing as

described in legend of Table 1. Error bars were smaller than symbols
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Metal Toxicity Tests with Aerobic Heterotrophic

Isolates

In order to establish whether the deposition of metal-pol-

luted sediment would increase the number of metal-

resistant bacteria, heterotrophic isolates from mesocosms

HBC, IFC, and IFD were subjected to metal toxicity tests

in October 2004. Figure 2 shows the results of these tox-

icity assays on collections of 30, 21, and 23 isolates

originating from HBC, IFC, and IFD, respectively. In the

case of Cu toxicity (Fig. 2A), it was observed that only a

modest fraction of isolates from mesocosms HBC and IFD

showed resistance [i.e., a zone smaller than 5 mm (9% and

8%, respectively, of all isolates in each collection]. For

mesocosms IFC and IFD, the highest fraction of bacteria

exhibited inhibition zones between 6 and 11 mm (54 and

70%), whereas the majority of isolates from mesocosm

HBC (57%) actually turned out to be rather sensitive to Cu.

In addition, the number of Cu-sensitive bacteria in IFC was

significantly lower than in IFD.

Figure 2B shows similar tests with Cd as the toxic

agent. The majority of isolates from each mesocosm (HBC:

50%; IFC: 51%; and IFD: 91%) showed a zone smaller

than 5 mm (i.e., relatively resistant against Cd). The sec-

ond category (6–11 mm) comprised most of the other

isolates (HBC: 43%; IFC: 39%; and IFD: 8%). Bacteria

sensitive to Cd (zones larger than 12 mm) comprised 6%

and 9% of the isolate collections from HBC and IFC,

respectively, and were not detected at all in the isolate

collection of mesocosm IFD. The number of Cd-tolerant

bacteria in IFD sediment was higher than in IFC.

DGGE Profiles of Sediment Samples and Statistical

Analyses

To monitor major changes in the microbial communities

during mesocosm incubation, DGGE profiles were con-

structed of the original sediments (HB and IF) and

mesocosm samples taken at three different time points.

Figure 3 shows the DGGE results for Bacteria (Fig. 3A),

Archaea (Fig. 3B), and Cyanobacteria/chloroplasts (Fig. 3

C). The average number of bands observed per DGGE

profile and the total number of bands detected per DGGE

gel were as follows: for Bacteria, 11.7/164 (Fig. 3A), for

Archaea, 14.6/ 205 (Fig. 3B), and for Cyanobacteria, 12.1/

170 (3C). As visual interpretation of DGGE patterns

appeared to be rather subjective, a statistical tool was used

to estimate profile similarity (Schauer et al. 2000). Results

of nonmetric MDS analyses are shown in Figure 4 for

Bacteria (Fig. 4A), Archaea (Fig. 4B), and Cyanobacteria

(Fig. 4C). Figure 4D shows the results of cluster analysis

of the sediment samples, combining information of the

three above-mentioned groups.

Table 2 Estimated metal fluxes across the sediment–water interface

for Fe, Cu, and Cd during mesocosm incubation

Metal fluxa Time Mesocosm

HBC HBH IFC IFD

Fe flux (lmol/m2/day) Oct. 2003 980 20 NDb 2300

Jan. 2004 90 1600 -4 -20

Oct. 2004 -28 90 -21 44

Cd flux (nmol/m2/day) Oct. 2003 0 -5 ND 160

Jan. 2004 0 -4 13 -3

Oct. 2004 -4 3 0 0

Cu flux (nmol/m2/day) Oct. 2003 ND ND ND ND

Jan. 2004 ND ND ND ND

Oct. 2004 470 460 -8 98

Note: Timing as described in legend of Table 1
a Positive flux indicates transport from sediment to water column
b ND: not determined

Source: Data kindly provided by Sophie Tankere-Muller, Lancaster

University, Lancaster, UK
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inhibition on agar plates amended with filter disks impregnated with
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The bacterial community profile showed many faint

bands. Effects on community structure seemed minimal; the

DGGE band patterns did not change much, even after tran-

sition from the sampling site to the mesocosms in the

laboratory (lanes IF, IFD1, and IFC1 for the sandy sediment

and lanes HB, HBC1, and HBH1 for the harbor sediment). For

statistical analysis of DGGE profiles, the stress value of the

analysis was lowest for the bacterial community (0.09) (i.e.,

the statistical significance was highest). Figure 4A shows

that there was a tight relationship among all samples from the

harbor sediments (HB, HBC1-HBH3). Subsequent cluster

analysis revealed that the 50% similarity criterion also

applied to the collection of sandy sediments (IF, IFC1-IFD3).

Archaeal DGGE profiles showed a very stable commu-

nity (Fig. 3B) in the case of the harbor sediments (HB,

HBC1-HBH3). More variation in the number and positions
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Fig. 3 DGGE profiles of bacterial (A), archaeal (B), and cyanobac-

terial (C) communities at different time intervals in the mesocosms

during incubation. Legend above DGGE gel 3A is valid for all graphs.

In addition to the previously described sampling points (Oct. 2003,

Jan. 2004, and Oct. 2004), the outermost left lane shows DGGE

profiles of the original IF sediment as sampled June 2003 (labeled IF)

and the lane to the far right shows the original profiles for the harbor

sediment (labeled HB). Open circles with numbers depict excised

identified bands. DGGE bands marked with asterisks are discussed in

the main text
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of bands was found in samples from the sandy sediments.

IFD1 and IFC1 showed little similarity and the most domi-

nant two bands in IFD1 were at the same apparent height as

major bands in HB, HBC, and HBH (denoted with an

asterisk). IFC3 and IFD3 showed similar profiles again after

6 months of incubation. MDS analyses (Fig. 4B) confirmed

these observations, as a strong clustering (within 60%) is

seen for the harbor sediments (HB, HBC1-HBH3), whereas

no significant clustering was found among the IF samples.

However, sample IFD1, taken directly after deposition of

metal-polluted mud, was closer to the HB samples, whereas

samples IFD2 and IFD3 indicated a trend toward IF.

Figure 3C depicts DGGE analysis of cyanobacterial

fragments and revealed major differences in the photo-

trophic communities of the sandy and the harbor sediment.

The latter showed profiles of modest diversity (lanes HB,

HBC1–HBH3) with almost identical succession patterns.

A closer look at the profiles in lanes IF and IFC1–IFD3

revealed a vast quantity of bands and also showed compa-

rable successive changes in the two sandy sediments (IFC1,

IFC2, IFD1, and IFD2). MDS analysis of the cyanobacterial

gel (Fig. 4C) yielded a clear separation between HB and IF.

Samples from mesocosm IFC showed the most variation,

especially IFC1 and IFC2. The last graph, combining three

DGGE profiles (Fig. 4D), depicts IFD1–3 and the original

sandy sediment (IF) on the same branch, despite the depo-

sition of harbor mud. The samples from the sandy control

sediment (IFC) form an outgroup, whereas all HB profiles

were very similar and clustered together.

Phylogenetic Analysis of DGGE Bands

Most DGGE fragments that were sequenced belonged to the

d-Proteobacteria (bands 2, 3, 5, 7, and 8). Other bands were

identified as members of the a-Proteobacteria (band 4), the

Bacteroidetes (band 6), and a possible member of candidate

division OPB46, associated to the Haloanaerobiales (band

1). These sequences and all other DGGE bands are repre-

sented in the phylogenetic tree in Figure 5. The main tree in

the center shows different lineages present in the sediment

samples, whereas the smaller trees depict a detailed view of

phylogenetic diversity. All retrieved sequences from the

Archaea were closely related (94–99% similarity) to other

environmental sequences deposited at GenBank. One of the

most intense bands in IFD3 (i.e., band 17) belonged to the

Crenarcheota and was related to the recently isolated

ammonia-oxidizing Nitrosopumilus maritimus

(AY351983). All other bands originated from sequences

within the Euryarchaeota, with closely related to clones

from various marine sediments (bands 9–16 and 18).

Cyanobacteria were found as major representatives of

the phototrophic community in harbor sediments, as

dominant bands were related to Synechococcus sp. (bands

19 and 21), Spirulina subsalsa (band 22), and Pleurocapsa

minor (band 20). In contrast, DGGE analysis of the sandy

mesocosms (IFC and IFD) showed the prevalence of

mostly diatoms, with all three sequenced bands closely

related (95–97% similarity) to chloroplast rRNA of

Amphora delicatissima.

Screening of Bacterial Clone Libraries and

Comparative Analyses

In order to facilitate a more detailed analysis of bacterial

diversity and to verify whether any overlap existed

between bacterial communities in the different mesocosms,

possibly indicating carryover of bacteria as a consequence

of sediment deposition, a more robust technique than

DGGE was required. Therefore, clone libraries were made

of nearly complete 16S rRNA genes amplified with target

DNA extracted from mesocosm HBC (HBC2 from May

2004 and HBC3 from October 2004) and from mesocosm

IFD (IFD3 from October 2004). As a screening method, 38

(HBC2), 101 (HBC3), and 101 (IFD3) positive clones were

subjected to restriction analysis. Clustering of all clonal

restriction patterns resulted in 26 ARDRA groups, 10 of

which were detected in HBC2, 18 in HBC3, and 15 in IFD3.

Representative clones of each ARDRA group, 69 in total,

were selected for complete sequencing of the small subunit

ribosomal gene. These sequences were also included in

Figure 5. From the sequences and their assigned ARDRA

clusters, it can be derived that in most cases, sequence

similarity within ARDRA groups varied from 90% to 99%,

although few clusters did not meet this criterion (i.e.,

groups 5, 10, and 26).

About one-third of each library consisted of sequences

that were most closely related to uncultured microorgan-

isms according to similarity analysis with sequences stored

in GenBank. The majority of sequences were affiliated to

the Bacteroidetes (Fig. 5) (i.e., 71% of all clones in HBC2,

47% in HBC3, and 49% in IFD3). The second most abun-

dant were sequences related to the Proteobacteria, in

particular to the c- and the a-subclasses (11% and 13% for

HBC2, 21% and 17% for HBC3, and 19% and 28% for

IFD3, respectively). The d-subdivision of the Proteobacte-

ria made up only a small fraction of the bacterial

community in each library, namely 5% for HBC2, 1% for

HBC3, and 5% for IFD3. The remaining 16S rRNA

sequences (HBC3) were distantly affiliated to the phyla

Haloanaerobiales and the Acidobacteria, clustering with

sequences in candidate divisions JS1 and OP8, representing

9% and 6%, respectively.

Because differences in sample size (number of clones

analyzed with ARDRA) and sequencing effort (ratio of
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sequenced clones versus sample size) existed between

libraries, different approaches were combined to estimate

and compare diversity. WebLIBSHUFF analysis (Singleton

et al. 2001) was selected for library comparison because it

is independent of a strict species definition, but rather

computes similarity across all possible cutoff values. Two

libraries are considered significantly different when

p \ 0.05, as was the case in the comparison of HBC3 to

IFD3 (p = 0.001). Notably, the p-value for the reverse

comparisons was much higher (p = 0.374), indicating that

sample IFD3 did not contain many species that were not

present in sample HBC3. Analysis showed that HBC2 was

very similar to HBC3 (p = 0.783). To further investigate

differences in bacterial diversity between the different

sites, richness estimators (Shannon (H’) and Chao2) and

coverage (C) were calculated, as summarized in Table 3.

As a uniqueness criterion, a 16S rRNA gene similarity of

\95% was applied. Sequences of three clusters in the

Bacteroidetes (see Fig. 5) (i.e., ARDRA groups 3, 2, and

26) did not meet this criterion and all of their members

were therefore counted as individuals.

Discussion

Metal Distribution in Mesocosm Sediments

The pore-water metal contents in the HB sediments were

higher than in the IF sediments (Fig. 1), but similar to

maximum concentrations observed in other sites through-

out the North Sea and river sediments (BSH 2002), with the

exception of Cu. However, pore-water Cu concentrations

detected in mesocosm HBC in January 2004 were at least

50-fold higher, and 10-fold to 20-fold elevated, when

compared to values in other North Sea sediments. This

extreme Cu pollution is primarily connected to the fact that

the HB is located in the vicinity of an industrial wharf

(Schiff et al. 2004; Warnken et al. 2004).

Profiles of pore-water Cu and Cd concentrations

(Figs. 1C–1F) peak at the surface or just below. High

surface concentrations were probably caused by the

microbial oxidation of metal-contaminated organics at the

sediment surface (Tankere-Muller et al. 2007). Because

oxygen penetration depth varied between different time

points, the release of Cu and Cd in the subsurface (below 1

cm) could also be caused by the anaerobic reduction of

heavy-metal-containing iron(hydr)oxides (Markwiese and

Colberg 2000). After 3 months of bioturbation with N.

diversicolor, Fe, Cu, and Cd pore-water concentrations

were lowered approximately 10-fold at all sediment depths,

due to mixing by the polychaete worms and subsequent

chemical oxidation, adsorption, or precipitation.

Perception of Diversity

Clone libraries of 16S rRNA genes and DGGE analyses

have been widely used to investigate microbial communi-

ties of different habitats, but these approaches suffer from

specific limitations that have been elaborated on previously

(LaMontagne et al. 2002; von Wintzingerode et al. 1997).

Because this study does not aim to describe diversity in

general, but focuses on specific changes in microbial

diversity, the use of identical tools on different mesocosms

minimizes variance in methodological biases. It is com-

monly accepted that only dominant populations (i.e.,

constituting more than 0.1–1% relative abundance) are

detectable in DGGE profiles of complex microbial com-

munities (Muyzer et al. 1993), whereas the detection limit

of clone libraries depends solely on the number of clones

that are analyzed. Contrastingly, the chance of obtaining a

numerically dominant bacterium in isolation depends on

Fig. 5 16S rRNA neighbor-joining tree of the domains Bacteria and

Archaea containing 69 sequences obtained from 3 clone libraries

(HBC2, HBC3, and IFD3) and 25 excised DGGE bands, in addition to

sequences from the ARB database (84 mostly full-length sequences).

The backbone tree was constructed without correction, using E. coli
as a filter and rooted with Aquifex aeolicus. The phylogenetic

affiliation of sequences from this study (bold) is depicted in more

detail in the smaller subtrees. These subtrees were derived from the

same sequence alignment, but scaled differently, showing individual

clones (library name-clone number-ARDRA group). All scale bars

represent 0.10 changes per nucleotide

b

Table 3 Diversity indices and coverage as calculated from clone library data

Library No. of clones No. of ARDRA groups (unique)a Coverage (%)b,c Shannon (H0)c Chao2 (95% CI)c,d

HBC2 38 10 (1) 82.2 2.41 75 (36–182)

HBC3 101 18 (8) 86.8 2.88 248 (137–470)

IFD3 101 15 (4) 84.3 2.84 203 (111–396)

a Total number of ARDRA groups detected in clone library and number of unique ARDRA groups in parentheses
b Coverage was calculated with the equation of Good (1953)
c Coverage, Shannon index, and Chao2 estimator were calculated using the uniqueness definition of \95% 16S rRNA gene similarity
d The 95% confidence intervals are listed in parentheses
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how well incubation conditions resemble the bacterial

microenvironment. The concentration of the carbon source

in the culture medium (5 mM) was high compared to TOC

values in both the sandy and the muddy sediments and

might have triggered opportunistic bacteria. The results

obtained by the application of two molecular techniques

and primer sets for the determination of bacterial diversity

suggested agreement between the methods, as members of

the d-Proteobacteria, the Bacteroidetes, and candidate

division JS1 were detected independently in both cases.

The fact that community composition was not reflected by

the collection of DGGE bands in the phylogenetic trees

(Fig. 5) can partially be explained by the fact that not all

bands within one profile could be identified. The high

number of DGGE bands related to members of the d-Pro-

teobacteria is in contrast with the low abundance of this

group according to clone library results (around 5%) and

could indicate primer preferences.

Changes in Archaeal and Cyanobacterial Communities

The archaeal communities in mesocosms HBC and HBD

showed a very stable composition during incubation time,

whereas DGGE profiles from IFD and IFC were more

variable (Figs. 3B and 4B). Sandaa and co-workers

(1999b) detected a decrease in archaeal abundance and a

shift in community composition in soils amended with

heavy metals. In this study, the latter effect was only ini-

tially observed (IFD1) and the similarity between DGGE

profiles (Figs. 3B and 4B) increased again at the end of the

experiment.

Cyanobacterial DGGE profiles (Fig. 3C) showed suc-

cessive changes in the composition of the photosynthetic

community in mesocosms IFC and IFD. These changes

might be due to bioturbation, grazing pressure, or the shift

from natural to artificial light conditions (daylight is 20

times stronger than the lamps used). The DGGE profiles

were dominated by closely related strains of the diatom

Amphora delicatissima. Contrastingly, DGGE profiles of

mesocosms HBC and HBH revealed a simple and stable

community structure consisting of Synechococcus sp. and

Pleurocapsa sp. Lower flow rates during mesocosm incu-

bation might have favored growth of the rather fragile

diatoms in the sandy sediments (Stal 2003). Phytoplankton

species in general are sensitive to Cu and other metals due

to impairment of the photosynthetic electron transport

system (Miao et al. 2005; Surosz and Palinska 2004).

Although no attempts were made in this study to quantify

the phototrophic biomass, oxygen flux measurements at the

sediment–water interface in mesocosm IFD confirmed this

sensitivity by showing a steep decline in oxygen production

immediately after the addition of metal-polluted sludge.

Changes in Bacterial Communities

Changes in bacterial diversity as a result of the deposition

of metal-polluted sediment were not readily observed in the

DGGE profiles (Fig. 3A). Comparative analysis between

clone libraries HBC3 and IFD3 showed several groups of

highly similar, but not identical clones. These ‘‘shared’’

clusters were most closely related to Ruegeria atlantica,

Rhodobacter sphaeroides, Vibrio splendidus, and a group

related to environmental clone BrownBay 2–71, within the

Flavobacteriaceae (Fig. 5). Particularly, this latter group

showed high 16S rRNA gene similarities between clones

from IFD3 and HBC3 (ARDRA group 12: 99% similarity;

and group 16: 98%). Interestingly, clone BrownBay 2–71

actually originated from a heavy-metal-polluted Antarctic

sediment (Powell et al. 2003). Statistical comparisons

between the clone libraries showed that the bacterial

community in sediment HBC3 was significantly different

from IFD3 (p = 0.001). Diversity estimators (Table 3)

indicated HBC3 as having the highest species richness,

although differences with IFD3 were very small. A similar

trend was observed in Antarctic sediments when comparing

clone libraries of polluted and pristine sites (Powell et al.

2003). This high diversity might be related to the fact that

metal-polluted environments usually also contain many

other types of contaminant, such as petroleum hydrocar-

bons or chlorinated compounds, in addition to increased

concentrations of organics and nutrients. Therefore, in an

environment poor in organic carbon and nutrients, the

selective pressure presumably exerted by heavy metals

might be overshadowed by a diversity increase, due to

expanding metabolic possibilities.

Effects of Sediment Homogenization and Redeposition

Homogenization of metal-polluted sediment (HBH) was

expected to cause a temporary decrease of metal concen-

trations in pore waters, due to trapping of metal ions by

previously buried sulfides or due to adsorption to freshly

formed iron oxides (Markwiese and Colberg 2000). In this

study, only small, localized effects were observed for Cu and

Cd after sediment homogenization (Fig. 1). Concomitantly,

a small fraction of organic carbon was oxidized and

ammonia was released (Table 1). A study on the environ-

mental effects of dredging activities in the Pongol estuary,

Singapore (Nayar et al. 2007) also showed elevated levels of

ammonia and depletion of organic carbon during and after

sediment removal. The effects of homogenization on metal

concentrations observed in this study were in accordance

with earlier findings (van den Berg et al. 2000). No important

changes were observed in the microbial communities of HB

sediments after sediment homogenization and incubation
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(Figs. 3 and 4), indicating that similar microorganisms were

present throughout the sediment column and that the domi-

nant consortium was not influenced by small-scale

disturbances. This observation was in sharp contrast to the

mesocosms with sandy sediments, which, overall, showed

more heterogeneity and temporal fluctuations.

Deposition of a 3-mm layer of metal-polluted sediment

on a sandy sediment (IFD) caused a substantial increase in

pore-water Cu concentrations of surface sediments (4-fold

compared to IFC and 1.5-fold compared to HBC) and led to

significant metal fluxes from sediment to water column

(Fig. 1, Tables 1 and 2). All of these effects were of a

transient nature and had mostly disappeared after 1 year of

mesocosm incubation. Elevated pore-water metal concen-

trations as a result of redeposition of polluted sediment were

also described in other studies (Leipe et al. 2005). However,

the degree of impact depends on the volume of deposited

material and its contamination level, as Chen and co-

authors (2003) only observed an increase in Cu levels after

deposition of a 5-cm layer of polluted sediment, whereas no

effects could be detected underneath a 1-cm layer.

Toxicity tests with isolates underlined the effects of the

deposition of metal-polluted sediment by showing a sub-

stantial increase in Cu- and Cd-tolerant aerobic

heterotrophs from mesocosm IFD when compared to IFC.

The fraction of Cd-tolerant bacteria in IFD was even higher

than observed for isolates of mesocosm HBC (Fig. 2). In

addition, the collection bacteria from IFD contained the

lowest percentage of Cu- and Cd-sensitive bacteria. Ele-

vated levels of metal-tolerant Bacteria in soils and

sediments after exposure to heavy metals have been

described previously (Diaz-Ravina and Baath 1996; Ra-

maiah and De 2003; Rasmussen and Soerensen 1998), but

not in combination with detailed metal analyses indicating

such localized and short-term metal exposure.

In conclusion, this study provides convincing evidence

for a prolonged modification of the indigenous bacterial

community caused by transient exposure to Cu and Cd. It

seems unlikely that this adaptation concerns numerically

dominant microorganisms, as large community shifts were

not observed in DGGE profiles, except, initially, for the

archaeal population. It remains to be determined whether

the increase in metal resistance in mesocosm IFD is due to

the proliferation of metal-tolerant bacteria, originating

from the deposited metal-polluted sediment, or whether

horizontal gene transfer of metal-resistance genes might

have played a role.
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