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Meiofauna reduces bacterial mineralization of
naphthalene in marine sediment

Johan Näslund, Francisco JA Nascimento and Jonas S Gunnarsson
Department of Systems Ecology, Stockholm University, Stockholm, Sweden

The role of sediment-living meiofauna, benthic invertebrates smaller than 1000 lm such as
nematodes and ostracods, on the mineralization of naphthalene, a common polycyclic aromatic
hydrocarbon (PAH) in marine sediments, was studied in microcosms using radiorespirometry. A
method to extract live meiofauna was developed and used in order to experimentally manipulate
meiofauna abundance and group diversity. Higher abundances of meiofauna were found to
significantly decrease naphthalene mineralization. Furthermore, a change in the bacterial
community composition (studied using terminal restriction fragment length polymorphism) was
also observed in presence of higher meiofauna abundance, as well as a lower number of cultivable
naphthalene-degrading bacteria. The reduced mineralization of naphthalene and the altered
bacterial community composition in the presence of increased meiofauna abundance is likely the
result of top-down control by meiofauna. This study shows that higher abundances of meiofauna
can significantly decrease the microbial mineralization of PAHs such as naphthalene and also
significantly modify the bacterial community composition in natural marine sediments.
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Introduction

Biodegradation of anthropogenic contaminants,
such as polycyclic aromatic hydrocarbons (PAHs),
is a crucial ecosystem service achieved mainly
through the action of microorganisms. The aerobic
microbial transformation pathways of PAHs with
less than five aromatic rings have been intensely
studied, mostly using isolated cultures (Peng et al.,
2008). The degradation rates of PAHs in sediment
can be influenced by several environmental vari-
ables, such as temperature, O2 level, redox state and
sediment grain size (Delaune et al., 1981; Hinga,
2003; Lei et al., 2005). Not much is known about
how PAH-degrading microorganisms interact with
other sediment-living organisms under natural con-
ditions. In comparison, mineralization of various
types of organic matter by microbial communities is
well studied and is known to increase in the
presence of microbial grazers such as ciliates and
macrofauna (Fenchel and Harrison, 1976; Gerlach,
1978; Wieltschnig et al., 2008). Several mechanisms
have been proposed to explain the positive effect of

grazing on bacteria, for example, an increased
nutrient turnover to bacteria, which allows a higher
heterotrophic bacterial growth, or by preventing
bacterial stasis, which helps sustain an exponential
growth. It is also known from soil studies that
predation pressure can prevent successful coloniza-
tion of inoculated bacteria (van Veen et al., 1997).
Predation effects on natural populations of pollu-
tant-degrading bacteria, however, are relatively
poorly studied considering their potential impor-
tance. The role of meiofauna, such as nematodes,
copepods and ostracods, on bacterial PAH degraders
in sediments has, to our knowledge, not been
studied previously. Top-down effects from meio-
fauna on bacterial PAH degraders are possible both
directly through predation, and/or indirectly
through trophic cascade interactions in the micro-
bial food web.

Sediment-living organisms are often grouped on
the basis of their respective size, coupled to a
general increase in trophic position with increasing
size. Rough size categories can be summarized as
bacteria (o2 mm), heterotrophic flagellates (2 to
450 mm), ciliates (10 to 4300 mm), meiofauna
(40–1000mm, metazoans) and macrofauna (41 mm)
(Leadbeater and Green, 2000; Lynn, 2008; Giere,
2009). Exceptions to the size categories exist, as
several groups have a wide size range, for example,
some ciliates can be over 3000 mm long (Giere, 2009),
in addition to many species being omnivores
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(Leadbeater and Green, 2000), enabling a shift in
trophic position depending on food availability.
However, the groups mentioned above are useful
as a generalized descriptor of the major organism
groups of the benthic food web.

Trophic cascade chains are known in the pelagic
environment, where high abundances of copepods
decrease the number of ciliates, leading to an
increased abundance of flagellates and resulting
in a lower abundance but a higher diversity
of bacterioplankton (Zöllner et al., 2009). Ciliate
grazing has previously been observed to increase
bacterial mineralization of naphthalene (Tso and
Taghon, 2006) and it is possible that benthic
meiofauna also may affect mineralization. This
could occur both directly (through bacterial grazing)
and indirectly (for example, through predation on
protozoa or by altered biogeochemistry through
burrowing activities). Thus, meiofauna may be an
important regulating factor for the microbial miner-
alization of biodegradable organic contaminants
such as PAHs.

The aim of this study was to investigate the role of
meiofauna on PAH mineralization using radio-
labelled [1-14C]-naphthalene as a model compound
and by experimentally manipulating meiofauna
abundance, using a density extraction method. We
also included a natural control treatment (that is,
with macrofauna and unsieved sediment) in order
to be able to compare our manipulated treatments
to an undisturbed sediment system, and possibly
identify experimental biases. The main aim of
the study was to investigate the significance of
meiofauna for bacterial community structure and
function (in the form of PAH mineralization) in
marine sediments.

Materials and methods

Sediment collection
Surface sediment was collected on the 23 May 2008,
from a depth of 28 m in Hållsviken (581 500N, 171
320 E), in the northern Baltic Proper using a box
corer (area 0.04 m2). Intact sediment cores were
subsampled from the box cores using round Perspex
tubes (inner area 17 cm2), height 40 cm. Seawater
(filtered through a sand filter and a 40mm sieve) was
collected from Askö Marine station at a depth of
20 m on the same day (salinity 6.0). The cores and
water were immediately transported to the labora-
tory and placed in a room held at in situ conditions,
that is, at a temperature of 5±1 1C and a natural
light/dark cycle with low-irradiance green light
(o0.5 mEms�2, predominantly 530 nm). The collec-
ted sediment was characterized as silty clay with a
high porosity (0.81±0.01, n¼ 3) and rich in organic
matter (3.1±0.0% TOC; 3.6±0.0% TC; 0.5±0.0%
TN; with a C/N ratio of 7.8, n¼ 3). The density of the
sediment was 1.2±0.1 gcm�3, n¼ 3. Content of C
and N content was analyzed by a Leco-CHN 932

analyzer (St Joseph, MI, USA) according to Hedges
and Stern (1984), using EDTA as standard.

Meiofauna extractions
Meiofauna abundances were manipulated by
extracting the meiofauna from the top 6 cm of
surface sediment from collected cores. The extrac-
tions of meiofauna were performed by sieving the
sediment sequentially through 1000 and 40 mm
sieves. The sediment retained on the 40 mm sieve
containing meiofauna was gently wiped-off from
exceeding water at the bottom of the sieve with
tissue paper and put into a 0.74 M MgCl2 bath for
5 min to anesthetize the meiofauna (Giere, 2009).
The sieved sediment fraction was rinsed in seawater
and put into a 500 ml Erlenmayer flask. Meiofauna
was extracted using density extraction by LEVASIL
200A 40% (H.C. Starck SilicaSol GmbH, Leverkusen,
Germany) diluted to a density of 1.3. The E-flask
containing the LEVASIL/sediment suspension was
inverted several times, and was left for 5 min, to let
the sediment settle and the meiofauna float up. This
is similar to the standard procedure used in meio-
benthology (Giere, 2009) but LEVASIL is used
instead of LUDOX (which is toxic to fauna). To
increase the extraction efficiency for ostracods, the
LEVASIL/sediment suspension was aerated using an
airstone for 20 s before it was left to settle. This
resulted in air bubbles attached onto the ostracod
shells, thus increasing their buoyancy. Following
the density gradient separation, approximately
100 ml of the suspension was decanted (the fraction
containing floating meiofauna). It was sieved
through a 40 mm sieve and rinsed thoroughly in
seawater. The remaining fraction was re-processed
twice using the same procedure (5 min and then
30 min time for the buoyancy separation) to further
increase the extraction efficiency of meiofauna. The
sediment left after the last extraction was rinsed
extensively several times in seawater on a 40 mm
sieve to remove LEVASIL residues and was re-added
to the surface sediment in each of the 14 sliced
cores, thus replacing the 6 cm removed top slice.
Pooled meiofauna extracted from two sediment
cores were added to the extracted sediment in 7 of
these 14 cores (high meiofauna treatment, HM), and
7 cores were left with only the extracted sediment
(low meiofauna treatment, LM). The extraction
procedure, apart from removing meiofauna, also
removed a part of the finer sediment particle
fraction. In order to compensate for this loss,
particles lost during sieving (o40 mm) were added
back to both LM and HM treatments (1.7±0.2 g d.w.
suspended in seawater).

Experimental design
The experiment contained three treatments with
seven replicates (sediment cores) per treatment
(N¼ 21): (1) ‘LM’: low meiofauna abundance, that is,
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sediment cores which had much of its meiofauna
extracted; (2) ‘HM’: high meiofauna abundance, that
is, sediment cores which first had its meiofauna
extracted, whereupon meiofauna was re-added;
(3) ‘N’: non-manipulated control cores, that is,
non-sieved sediment with natural faunal densities.
The LM and HM constitutes the two main experi-
mental treatments in the experiment, and were
treated exactly the same way, except for the addition
of meiofauna in the HM treatment. The N treat-
ment’s main function was to provide an experi-
mental control, and enable a comparison to more
field-like conditions.

Experimental setup
Two days after the meiofauna extractions, the water
columns of all 21 cores was replaced carefully with
fresh seawater, whereupon 0.3 g Cm�2 of the micro-
algae Thalassiosira weissflogii (from a continuous
culture grown in F/2 medium, Guillard (1975)) was
added to the surface of each core to provide fresh
food for the fauna. The cores were left to equilibrate
for 4 weeks with gentle aeration in the water column
to re-establish the sediment redox gradients within
the LM and HM treatments.

Sediment spiking with 14C-naphtalene
Sieved clay particles (o40 mm) in a sediment
suspension, from the sediment collection, were
autoclaved at 121 1C. A total of 1.85 Mbq of [1-14C]-
naphthalene (American Radiolabeled Chemicals,
St Louis, MO, USA) with a specific activity of
1.998 MBqmmol�1 (dissolved in methanol) was
added to 40 ml of autoclaved sediment in a 50 ml
sterilized glass bottle. The sediment bottle was
shaken for 1 day at 5 1C to homogenize the sediment
suspension. A total of 12.1±0.4 mg d.w. sediment
(n¼ 4) (1 ml sediment suspension) containing
48.1±1.85 kBq (n¼ 4) was added to the surface
sediment of each replicate, using a 1 ml glass pipette
(30 cm length). The amount of naphthalene added to
each core was 3mg per core, far below reported toxic
concentrations to benthic fauna (Carman et al., 1995;
Lotufo, 1997). Our aim was not to simulate a highly
polluted environment, such as those found in
harbors, but rather a contamination level that might
normally be found in a continental shelf. Total PAH
concentrations in Baltic Sea surface sediment
vary depending on location, but a typical range is
125–3624 ng/g d.w. (Pikkarainen, 2004). The system
was left for 1 day in order to let the sediment settle,
whereupon the aeration was turned on. The system
was left to equilibrate for 1 more day, after which the
mineralization measurements were started.

Naphthalene mineralization measurements
The top of the Perspex cores were sealed with
air-tight cork stoppers, each with two holes, one
to let air in for oxygen supply and one to let
the exceeding air out. The outflowing air was led

through poly-tetra-fluoroethylene tubing (f: 1.1 mm)
into 50 ml Falcon vials, containing Carbosorb
(PerkinElmer, Waltham, MA, USA) in order to trap
CO2 in the outflowing air. One ml of Carbosorb was
subsampled every day. The Carbosorb was replaced
every other day. In addition to the 21 experimental
replicates, two additional non-manipulated repli-
cates were set up with polyurethane filters (placed
between the sediment cores and Carbosorb) for the
outflowing air in order to estimate naphthalene
evaporation. The evaporation was very low (o1%)
and was omitted from further calculations and
analyses (similar evaporation rates were determined
by Tso and Taghon (2006), who also used a higher
ambient temperature, 16 1C). A schematic figure over
the experimental system is presented in Figure 1,
and a summary over the full experimental timeline
is presented in Table 1.

Sediment
(250 cm3)

Water
(290 cm3)

Air
(110 cm3)

Carbosorb

Pressurized,
filtered air

Air with
mineralized

14CO2

Figure 1 Schematic figure of the experimental system used in
the experiment. Arrows indicate the direction of the airflow.
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Termination
The experiment was ended after 11 days, when the
trapped 14CO2, in some of the Carbosorb samples
was approaching detection limits (that is, three
times above the background radioactivity level).
Water samples (10 ml) were taken from the water
column to quantify the remaining 14C in the water
column. Sediment cores were subsampled with a
cutoff syringe (diameter 5 mm, length 4 cm) and
were sliced every cm for the measurement of 14C
depth profiles, that is, the amount of naphthalene
and naphthalene-derived carbon buried in the
sediment. The surface sediment layer (0–1 cm, and
1–4 cm) of each core was sliced off, subsamples from
the 0–1 cm layer were taken for terminal restriction
fragment length polymorphism (T-RFLP) analysis,
see below (kept frozen at �80 1C until processed)
and plate counts of naphthalene-degrading bacteria
were determined. After subsampling, both sediment
layers were sieved sequentially through 1000 and
40 mm sieves for macro- and meiofauna samples. The
meiofauna sediment samples were preserved in 4%
buffered formalin before extracting the meiofauna,
using the method described above. Meiofauna was
sorted and counted under a � 50 binocular stereo-
microscope.

Radioactivity measurements
The radioactivity of samples was determined using
an adapted protocol from Olafsson et al. (1999)
using an LKB Wallac Rackbeta 1214 Liquid Scintil-
lation Counter (Turku, Finland) and 20 ml glass
scintillation vials. For counting Carbosorb samples,
Permafluor Eþ (PerkinElmer) was used, Ultima
Gold (PerkinElmer) was used for the water, animal
and sediment samples. Sediment and animal sam-
ples were dissolved in 1 ml Soluene (PerkinElmer)
for 12 h at 50 1C. All samples were stored for at least
24 h before counts to reduce the risk for chemolu-
minescence (not observed), counted for 600 s or 3
million counts and compared both to an internal
standard to determine counting efficiency and to
an external standard to determine background.

Samples were corrected for background and count-
ing efficiency and were controlled for color quench-
ing (not observed). All samples had counts that
were at least three times the background. Coun-
ting efficiencies were as follows (average±s.d.):
Carbosorb 90.4%±0.1, sediments 70.1%±5.9, water
82.3%±1.3, animals 85.4%±2.5. Total radioactivity
recovery was 89.5±17% of added 14C-Naphthalene,
with no difference in recovery among treatments
(one-way analysis of variance (ANOVA), F(2, 18)¼ 0.45,
P¼ 0.64). Recovery of 14C in different compartments for
each treatment is presented in Table 2.

Plate counts of naphthalene-degrading bacteria
Plate counts of culturable naphthalene-degrading
bacteria were performed after the termination of the
experiment by using the method described by Alley
and Brown (2000). Mineral medium agar plates
streaked with dilution series of bacteria extracted
from sediments according to Tso and Taghon (2006)
were coated with sublimed naphthalene using a
sand bath (n¼ 4, for each dilution), and incubated
for 10 days in 5 1C, upon which the number of
colonies with surrounding clear zones were
counted.

Community profiling (T-RFLP)
The diversity of the bacterial community was
analyzed using T-RFLP of a fragment of the 16S
rRNA gene, according to Näslund et al. (2008),
except that the DNA extractions were performed
using the Powersoil kit (MO BIO Laboratories,
Carlsbad, CA, USA) and a FastPrep beadbeater (MP
Biomedicals, Solon, OH, USA) at a speed of 5.5 ms�1

for 1 min. MspI (Fermentas Gmbh, St Leon Rot,
Germany) was used for the restriction enzyme
cutting and that the size determination of labeled
fragments was carried out using an ABI3730XL DNA
analyzer (Applied Biosystems, Foster City, CA,
USA) at Uppsala Genome Center, Sweden. The
diversity of the Ciliophora community was analyzed
as described by Dopheide et al. (2008), using the
primer pair 384F and 1147R, with the same excep-
tions as for the bacterial community analysis. To
confirm that Ciliophora genes were amplified, the
PCR product was cloned and sequenced according

Table 2 Average recovery of 14C in the three treatments, ±s.e.

Compartment LM HM N

Fauna 0.0±0.1 0.0±0.1 0.7±0.4
Water 5.2±0.6 5.1±0.7 1.3±0.1
Sediment 23.9±3.9 43.2±3.2 36.9±6.2
CO2 55.2±4.7 43.7±7.6 53.4±3.9

Total 92±8 84±6 92±6

Abbreviations: HM, high meiofauna; LM, low meiofauna;
N, no manipulation.

Table 1 A summary of the experimental timeline

Day Event

�35 Collection in the field (sediment cores)
�28 to �26 Meiofauna extractions
�24 Water exchange and phytoplankton addition
�23 Aeration was turned on
�3 Spiking of silt/clay with 14C-naphthalene
�2 Addition of spiked sediment
�2 to �1 Settling of spiked sediment
�1 Equilibration period
0 Start of mineralization measurements
1 to 11 Daily sampling of Carbosorb
11 Termination of experiment
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to Edlund and Jansson (2008), with the exception
that an ABI3730XL (Applied Biosystems) was used.
The resulting partial sequences of the 18S rRNA
gene were checked for chimeric sequences (Huber
et al., 2004) and deposited in the EMBL nucleotide
sequence database under the accession numbers
FN555293–FN555300. The sequences were classi-
fied using RDP-II (release 10.13) (Cole et al., 2009)
and analyzed using the NCBI Basic Local Alignment
Search Tool (Altschul et al., 1990) to find the closest
matches. The results confirmed that Ciliophora
genes had been amplified, and that Euplotes spp.,
Moneuplotes crassus, Euplotopsis encysticus and
uncultured ciliates were the closest matches.

Isolation and sequencing of naphthalene degraders
Twelve random colonies (four from each treatment)
from the plate counts were picked out and streak-
plated five times, whereupon they were screened for
similarity using Amplified Ribosomal DNA Restric-
tion Analysis of a fragment of the 16S rRNA gene
(using HhaI and MspI) (Vaneechoutte et al., 1995),
separating the restriction fragments on 1% agarose
gels. Three distinctly different isolates were found,
from which DNA was extracted and used as a
template in PCR using the same conditions as for
the bacterial T-RFLP analysis (but using unlabeled
primers). The resulting PCR products were sent to
Macrogen (Seoul, Korea) for sequencing. The result-
ing sequences were analyzed equivalent to the
Ciliophora sequences and deposited in the EMBL
nucleotide sequence database under the accession
numbers FN641887–FN641889.

Calculations
Total meiofaunal biomass was determined using the
average individual biomass for each meiofaunal
group from a previous study in the same area
(Olafsson et al., 1999) and multiplying the average
biomass with the total abundance counted for each
group in the respective samples. Owing to the fact
that the meiofauna extractions efficiently extracted
all large nematodes (4200 mm), the average biomass
for smaller nematoda (o200 mm) was used in the
biomass calculations for the LM treatment. Macro-
faunal biomass was determined by gravimetry
(shell-free dry weight for adult bivalves), and the
carbon content of the fauna was assumed to be 40%
(Karlson et al., 2008).

Statistical analyses
Naphtalene mineralization was expressed as DPM
(desintegrations per min) captured per 24 h and
analyzed using repeated measures ANOVA. The
total amounts of mineralized naphthalene and total
meiofaunal biomass were further analyzed in a
linear regression analysis. Plate counts of naphtha-
lene-degrading bacteria were compared using

one-way ANOVA and were square root transformed
to meet the assumptions for the ANOVA. Levene’s
test was used to test the assumption of homogeneity
of variances and residuals were inspected visually.
The T-RFLP data were plotted graphically using
non-metric multidimensional scaling analysis in
PAST (Hammer et al., 2001) and pairwise compa-
risons between treatments were made using
PERMANOVA 1.6, using Monte-Carlo sampling to
obtain P-values (Anderson, 2001; McArdle and
Anderson, 2001). The non-metric multidimensional
scaling and PERMANOVA analyses were both
performed using Bray-Curtis similarity index as
distance measure, and using 9999 permutations.
The ANOVA analyses were performed in Statistica 7.0
(Statsoft, Tulsa, OK, USA). In all tests the statistical
significance level was set at 0.05.

Results

Mineralization of naphthalene
There was a significant difference in mineralization
of naphthalene among treatments (repeated measures
ANOVA, F(2, 18)¼ 4.6, P¼ 0.025), time (F(10, 180)¼
59.2, Po0.001) with a nonsignificant interaction
(F(20, 180)¼ 1.2, P¼ 0.299). A Tukey HSD post hoc test
for the treatment factor showed that the HM had a
significantly lower naphthalene mineralization than
the LM treatment (P¼ 0.0199) and that there was no
significant difference between N and LM (P¼ 0.212)
or N and HM (P¼ 0.443). The cumulative amount of
mineralized naphthalene in the three treatments is
shown in Figure 2. A linear regression analysis
showed a significant negative regression between
the total amount of mineralized naphthalene
and total meiofaunal biomass (r2¼ 0.34, P¼ 0.005,
Figure 3).

Figure 2 Cumulative amounts of mineralized 14C-Naphthalene
in the three treatments. Error bars denote s.e. (n¼ 7).
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Naphthalene-degrading bacteria
The plate counts of naphthalene-degrading bacteria
for the three treatments are presented in Figure 4.
Significant different abundances of plate-cultured
naphthalene-degrading bacteria were found among
treatments (ANOVA, F(2, 9)¼ 4.27, P¼ 0.049). The
abundances were significantly higher in the LM
treatment compared with the HM treatment (Tukey
HSD, P¼ 0.0338), however, N did not differ signi-
ficantly from the LM and HM treatments (P¼ 0.23
and 0.52, respectively). Sequencing of a fragment of
the 16S rRNA gene allowed classification of the
three isolates as members of the Pseudomonadaceae
family, of which two were most closely matched to
the genus Flavimonas and one was classified as
Pseudomonas sp.

Bacterial communities
Non-metric multidimensional scaling plots of the
bacterial T–RFLP community analyses are shown

in Figure 5a. PERMANOVA pairwise compa-
risons showed that the treatments had significantly
different communities of Bacteria (P¼ 0.003). The
LM treatment was significantly different from the
N (P¼ 0.002) and HM (P¼ 0.019) treatments, but
there was no difference between the N and HM
treatments (P¼ 0.375).

Faunal communities
The meio- and macrofauna biomass and abundances
in the different treatments are presented in Table 3.
The LM treatment contained the lowest amounts of
meiofauna, containing small nematodes and some
ostracods that remained after the extractions. The
HM and N treatments also contained Copepoda,
Kinoryncha and low abundances of Oligochaeta, in
addition to higher abundances of nematodes and

Figure 4 Number of cultivable naphthalene-degrading bacteria
(cm�3) in the sediment surface layer (0–1 cm) at the end of the
experiment. Error bars denote s.e. (n¼4).

Figure 5 Non-metric multidimensional scaling plots illustrating
the T–RFLP community profiles of (a) Bacteria and (b) Ciliophora.

Figure 3 Linear regression between mineralized 14C-Naphthalene
and total meiofaunal biomass. Dotted lines denote 95% confidence
interval for the regression line.
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ostracods. Meiofauna biomass was in average 4.3
times higher in the HM compared with the LM
treatment. The abundances of meiofauna in all three
treatments are relatively low but within the same
order of magnitude, as reported field abundances of
meiofauna in the area (Ankar and Elmgren, 1978).
The N treatment additionally included three macro-
faunal species, the polychaete Marenzelleria arctia,
the bivalve Macoma balthica and the amphipod
Monoporeia affinis. Non-metric multidimensional
scaling plots of the ciliophora communities are
shown in Figure 5b. The Ciliophora communities
were significantly different among treatments
(PERMANOVA, P¼ 0.009), where the N treatment
was significantly different from the LM (P¼ 0.009)
and HM (P¼ 0.042) treatments, but there was no
significant difference between the LM and HM
treatments (P¼ 0.51).

Discussion

A comparison between the LM and HM treatments
showed that both the mineralization of naphthalene
and the number of cultivable naphthalene-
degrading bacteria were significantly lower with
higher meiofauna abundances (HM). To our knowl-
edge, the effect from meiofauna on PAH mineraliza-
tion has not been studied previously but studies
on the effects of protozoans on degradation of
contaminants have been conducted (Rogerson and
Berger, 1983; Kota et al., 1999; Tso and Taghon,
2006). In these studies, protozoans had a stimulatory

effect on the bacterial degradation of contaminants,
possibly by increasing the turnover of nutrients. The
relationship between bacterial degradation of con-
taminants and protozoa has been studied using
grazing inhibitors such as cytochalasin (which
inhibits eukaryote actin filament elongation and
suppresses movement (Sampath and Pollard, 1991))
or cycloheximide (inhibits eukaryote protein syn-
thesis (Vazquez, 1974)). One drawback with grazing
inhibitors is that they may affect other eukaryotes
present and not just the targeted protozoa. If meio-
fauna can affect contaminant degradation, as found
in our study, results from previous studies with
grazing inhibitors and protozoans may have been
biased by negative effects on metazoans such as
meiofauna.

The mineralization of naphthalene in our experi-
ment was relatively fast, as expected from the
low-molecular weight of the PAH used and the oxic
conditions prevailing in our sediment. Furthermore,
with the relatively high pollution load of the Baltic
Sea, it is likely that these sediments have been
previously exposed to PAHs, allowing for a fast
mineralization response from a dormant or already
active microbial PAH-mineralizing population
(Carmichael and Pfaender, 1997).

A significantly different bacterial diversity was
found in HM compared with the LM treatment,
revealing that differences in meiofauna abundance
also caused a difference in the bacterial community.
Cuny et al. (2007) observed similar changes in
the bacterial community due to the presence of
the polychaete Nereis diversicolor in oil-polluted

Table 3 Faunal abundances and total biomass for each meio- and macrofauna group in the treatments (mean±s.e., per core for
macrofauna and 103 per m2 for meiofauna)

Group Individual biomass (mg C) Abundance LM Abundance HM Abundance N

Macrofauna
Marenzelleria arctia 1560 0±0 0±0 4.3±0.6
Macoma balthica 3090 0±0 0±0 1.0±0.5
Monoporeia affinis 800 0±0 0±0 0.4±0.4

Total macrofaunal abundance 0±0 0±0 5.7±0.6
Total macrofaunal biomass (mg C) 0±0 0±0 10.4±1.6

Meiofauna
Nematoda 0.18 (4200mm) 98±34 702±227 486±181

0.02 (o200mm)

Ostracoda
Candona neglecta 1.7 2±1 11±5 7±1
Paracyprideis fennica 2.8 12±6 38±20 22±5
Heterocyprideis sorbeyana 2.6 10±5 28±16 19±3

Copepoda; Harpacticoida
Microarthridion littorale 1.4 0±0 3±2 2±1
Pseudobradya spp. 0.3 0±0 4±3 3±3

Kinorhyncha 0.3 1±1 22±8 15±5
Oligochaeta 10.4 0±0 2±1 2±1
Macoma balthica (spat) 1.2 0±1 2±0 3±2
Total meiofaunal abundance 124±16 832±94 558±68
Total meiofaunal biomass 68±11 290±46 193±12

Abbreviations: HM, high meiofauna; LM, low meiofauna; N, no manipulation.
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microcosms. Interestingly, this change was not
observed in microcosms not polluted by oil. Castle
et al. (2006) also observed that an addition of
naphthalene can cause changes in the bacterial
community, showing that PAH pollution by itself
can be a significant driver in community inter-
actions.

Eukaryotes present in the sediment are not likely
to directly influence the mineralization rate of
naphthalene due to the fact that contrary to many
bacterial biotransformation pathways, eukaryotic
biotransformation pathways do not cleave the
aromatic ring structure (Cerniglia and Heitkamp,
1989). The eukaryotic biotransformation pathway
functions rather as a detoxification mechanism by
creating water-soluble metabolites (McElroy, 1990;
Christensen et al., 2002). These metabolites have
in turn been shown to be difficult to use for PAH-
degrading bacteria, thereby inhibiting mineraliza-
tion rather than promoting it (Giessing and Johnsen,
2005). Despite this, the presence of fauna, such as
polychaetes, is known to increase PAH minerali-
zation (Gardner et al., 1979; Bauer et al., 1988;
Granberg et al., 2005) through increased oxygen and
nutrient fluxes due to bioturbation. Such stimula-
tory effects from fauna are likely to have occurred in
all treatments, as meiofauna also is known to
increase oxygen fluxes (Aller and Aller, 1992)

Anaerobic mineralization of PAHs can also occur
in sediments (Coates et al., 1997), although it is
not likely to be important in this study due to the
fact that the majority of the remaining 14C in
the sediment was present in the top centimeter of
the sediment (average 78%, data not shown), and
that the water column was continuously aerated.

The number of cultured naphthalene degraders
found in our study is comparable to, but generally
lower than those found by Tso and Taghon (2006)
(for example, an average of 1.8� 105 colony-forming
units cm�3 in their control treatment), possibly
indicating a higher predation pressure in our
experiment. It is important to note that the abun-
dances are based on plate count estimations, which
may be biased due to the possible presence of
uncultivable bacteria, making it difficult to draw
definite conclusions on the total number of naphtha-
lene degraders. An alternative approach could have
been real-time PCR quantification of functional
genes coding for PAH-metabolizing enzymes. How-
ever, this was not possible in this study due to
logistical constraints. Furthermore, a higher abun-
dance of bacteria does not necessarily equal a higher
community activity as the activity per bacterial cell
could differ between treatments, as grazed bacterial
populations have lower abundances but higher
activity per cell (Traunspurger et al., 1997). This
could be true for our experiment as well considering
the number of naphthalene degraders in the N
versus the LM treatment and the total naphthalene
mineralization in each treatment. It is also possible
that the depth distribution of naphthalene degraders

is greater in the N treatment, considering that the
presence of macrofauna provides higher bioturba-
tion rates, and thus an increased burial depth for
both the added naphthalene-spiked sediment and
naphthalene-degrading bacteria.

The isolated naphthalene-degrading bacteria were
matched to a group containing known marine PAH
degraders (Garcia-Valdes et al., 1988; Niepceron
et al., 2009), which are susceptible to grazing
(Brettar et al., 1994). The isolates were also analyzed
with T-RFLP but the corresponding TRFs were not
found in the community profiles, suggesting that
their abundance are below the detection limit for
T-RFLP or that more species than the ones isolated
are responsible for the mineralization in our micro-
cosms. We did not observe any significant differ-
ences in the Ciliophora community (assessed by
T-RFLP) between the LM and HM treatment. The N
treatment, however, was significantly different from
both LM and HM treatments, caused either by the
presence of macrofauna or due to experimental
artefacts in the LM and HM treatments. On the
other hand, T-RFLP only estimates relative abun-
dances and it is, despite the T-RFLP results, possible
that the absolute ciliate abundances were affected by
meiofauna, as this is known to occur in sediments
(Hamels et al., 2001).

As approximately half of the added naphthalene
was metabolized by bacteria and as predation
on these bacteria likely had a significant effect, a
question that remains is how much carbon that was
assimilated for possible further transfer in the
sediment food web. Studies of pure cultures of
naphthalene degraders have shown that approxi-
mately 20% of the carbon from added naphthalene
is assimilated into bacterial biomass (Annweiler
et al., 2000). Nuclear magnetic resonance analyses
of pyrene-degrading bacteria also show that
carbon from PAHs is assimilated into the bacterial
biomass (Nieman et al., 2007), demonstrating that
PAH-derived carbon is used as a carbon source, and
not only respired. This carbon is naturally available
for transfer to higher trophic levels by predation.
However, the distribution in the sediment food web
after initial predation is a complex question, and our
knowledge of the sediment microbial food web is far
from complete. Top-down control (predation pres-
sure) on bacteria from higher trophic levels can
also function as a strong evolutionary driver on the
bacterial communities, causing, for example, larger
cell sizes, filamentous growth forms, aggregation
and attachment to particles (Jurgens and Sala, 2000;
Matz and Kjelleberg, 2005; Pernthaler, 2005), further
highlighting the importance of trophic interactions
for bacterial activity and ecosystem functioning.
Previous studies found clear links between meio-
fauna and organic matter mineralization (see for
example, Findlay and Tenore, 1982; Alkemade et al.,
1993; Coull, 1999), which similar to degradation of
pollutants is a crucial ecosystem function and
service largely driven by microbial activities.
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Our results show that top-down control from
meiofauna can significantly affect bacterial PAH
mineralization. This may have implications for bio-
remediation measures and our understanding of the
fate of contaminants in the aquatic environments.
By considering multiple trophic levels and their
interactions, a more holistic understanding of con-
taminants is achieved; with lower risk for misjudging
degradation potential or time needed for natural
attenuation of PAHs in contaminated sediments.
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the article, Göran Samuelsson for helpful discussions and
comments on the manuscript, Lars Silléns’ fund and the
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