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COMMUNITY EXPERIMENTS USING
BENTHIC CHAMBERS: MICROBIAL
SIGNIFICANCE IN HIGHLY ORGANIC
ENRICHED SEDIMENTS

R. DANOVARO**, A. PUSCEDDU?,
A. COVAZZI HARRIAGUEP®, D. MARRALE®,
A. DELL’ANNO?, M. PETRILLO®,
G. ALBERTELLI® and N. DELLA CROCE®

# Institute of Marine Sciences, University of Ancona,
Via Brecce Bianche, 60131, Ancona, Italy;
Y Institute of Marine Environmental Sciences, University of Genova,
C.so Rainusso 14, S. Margherita L., Genova, Italy

( Received 13 July 1998; Revised 4 September 1998; In final form 12 October 1998)

The structure of the benthic microbial loop was studied in order to understand
heterotrophic pathways in the suboxic sediments of the Rapallo Harbour in autumn,
1996. Sediments were characterized by the large accumulation of organic detritus
(17.2 — 21 4 pg chloroplastic pigment equivalents (CPE)g™!; carbohydrates and proteins:
7.8—16.7 and 6.7-7.5mgg""). Due to the high or§anic load, benthic bacteria and
protozoa displayed extremely high densities (1.4 x 10°cellsg™" and 26.9 x 10°cellsg™").
Meiofauna, protozoa and bacteria showed an approximate biomass ratio of 1:2:20. The
presence of large amounts of organic matter appeared to determine a shift of the benthic
size structure toward the increasing dominance of the smaller components of the benthic
food webs. These data indicate that the sediments of the Rapallo Harbour were dominated
by microbial biomasses to a larger extent than in non-food limited environments,
characterized by a lower organic contamination. On the results presented in this study,
the microbial dominance in highly organic enriched sediments can be explained with:
(1) a reduction of the top-down control and grazing pressure of meio- and macrofauna
on the microbial components; (2) the opportunistic composition and high metabolic
activity of the microbial components.

Keywords: Benthic chambers; benthic microbial loop; microphytobenthos; bacteria
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INTRODUCTION

Azam et al. (1983) hypothesized that microbial components of the
aquatic food web are likely to play a major role in the utilization of
dissolved organic compounds (DOM) produced by phytoplankton (as
exudates) or by higher trophic levels. Due to their high carbon con-
version efficiencies, bacteria are able to convert DOM into microbial
biomass. This fact might have a profound implication in the efficiency
of material and energy transfer to higher trophic levels since bacteria
are largely consumed (up to 90% per day) by protozoa (mainly
heterotrophic nanoflagellates). These microbial components might be,
in turn, utilized by mesozooplankton, therefore contributing to supply
additional highly nutritional food sources to the “classical” pelagic
food web. Such DOM channeling into a microbial pathway has been
defined as the “microbial loop”.

Although a large literature is available on the pelagic microbial loop
(Sherr and Sherr, 1991), much less is known on the structure and role
in benthic ecosystems (Kemp, 1988; Bak and Nieuwland, 1989;
Hondeveld et al., 1994). To date, it has been demonstrated that
benthic bacteria play an essential role in recycling sedimentary organic
detritus otherwise lost to marine food webs (Deming and Barross,
1993). The key steps of this trophic pathway are the production of
nutritionally valuable bacterial biomass vie consumption of detrital
(particulate and/or dissolved) organic matter, largely composed of
highly refractory compounds, and the transfer of this secondary
production to higher trophic levels (protozoa, meio- and macro-
fauna). Degradation and remineralization rates of organic matter are
generally much higher in shallow marine sediments and are con-
strained by the composition and metabolic activity of the benthic fauna.
However, quantitative information on the main components of the
benthic microbial loop (i.e., organic detritus, bacteria, protozoa and
meiofauna) is extremely limited (Alongi, 1987; Cunningham and
Ustach, 1992; Kemp, 1994; Danovaro, 1996), especially in organic-
enriched sediments.

In recent years, the high anthropogenic inputs of nutrients have
enhanced the pelagic algal growth, followed by increasing organic
particle flux towards the coastal sediments. Such particle flux has been
demonstrated to enhance benthic oxygen demand (Jensen et al., 1990;
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Hansen and Blackburn, 1991), increasing the metabolic activity of
benthic organisms. In highly eutrophic conditions, the increased
metabolism may result in oxygen-depleted bottom waters and
ultimately in the death of benthic infauna and fishes (Hansen and
Blackburn, 1992).

Among the different sources of anthropogenic inputs of organic
matter to the sediments, oil spills represent one of the major sources
of food for the marine environment. However, our knowledge of the
impact of oil on the structure and functioning of natural ecosystems
is far from complete. In the Mediterranean Sea about 600—800 x
108 tons of hydrocarbons are transported each year, equivalent to about
30% of the world maritime transport of crude oil. Extraction activities
further contribute to the release of hydrocarbons at sea at about
300.00 tons of crude oil are dispersed in the Mediterranean every
year.

The rapid response of the benthic metabolism to organic input from
the overlying water column has received considerable attention (Graf
et al., 1982, 1983; Van Duyl et al., 1992; Fabiano et al., in press).
Several papers have demonstrated that both quality and quantity of
organic matter reach the sediment surface in the form of sedimenting
particles, and can be assumed to be one of the major factors in-
fluencing benthic community structure and metabolism (Graf et al.,
1983; Grant and Hargrave, 1987).

Previous studies to evaluate the effect of organic and/or hydro-
carbon disturbance on the environment have considered benthos as a
“retentive system” able to record the biological processes occurring
in the entire ecosystem. In particular, the macrobenthic community
structure was utilized in the assessment of the pollution of a certain
area. On the light of the increasing importance of the microbial loop,
both in terms of structure and functioning, recent studies have stressed
the importance of considering, among the several compartments, the
response of communities of size smaller than macrobenthos. Micro-
benthos (i.e., microphytobenthos, bacteria and protozoa) and meio-
fauna appear adequate for environmental studies because of their high
sensitivity, short generation time and, consequently, short response to
disturbance events.

A general discussion of the effects of organic enrichment on
microbenthic community structure and functioning is complex because
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organic impact can vary as a consequence of many factors. Among
these quantity and quality of the organic input, the time of the year,
the degree of exposure of the affected area, the hydrological features of
the area and other environmental characteristics (i.e., temperature,
salinity) have been discussed extensively. All these factors, indeed, may
affect the microbial loop functioning with important implications in
terms of organic matter diagenesis, burial, and recycling. Moreover,
the interpretation of the field results on the effects of organic en-
richments is complicated by the limited knowledge on the whole
structure of the benthic communities (from bacteria to macrofauna)
and in most cases to the general lack of information on “pre-impact”
conditions.

In the present paper, the ecological role of benthic microbial
communities in an organic-enriched environment has been investig-
ated. Benthic respiration was compared to the structure of benthic
assemblages (bacteria, protozoa and meiofauna) and to the composit-
ion of the sediment organic matter. Results of this experimental design
have been compared also with other studies carried out at different
levels of organic matter load and composition.

MATERIAL AND METHODS

Study Area and Sampling

The study site was used from September 30 to October 4, 1996 in the
Rapallo Harbour, Golfo Marconi, Ligurian Sea (Fig. 1). The Golfo
Marconi area has been intensively investigated over the past 10 years
for the dynamics of benthic bacteria, macrofauna, phytoplankton,
particulate matter composition, seasonal cycles of sedimentation and
primary production (Fabiano ez al., 1984; Albertelli and Fabiano,
1990; Danovaro, 1993). Silty sediments and large inputs of organic
matter characterize the Rapallo Harbour.

A benthic chamber (~ 1201, Ciceri et al., 1992) was placed at 5m
depth by SCUBA divers for a period of 71h to determine rates of
oxygen consumption. Oxygen and pH levels were controlled during
the chamber by injections of oxygen and sodium hydroxide. Water
circulation inside the chamber was regulated and ensured using a
magnetic stirrer.
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FIGURE 1 Sampling area in Italy and station location.

For bacterial and protozoan analyses, replicate cores (n = 3) were
collected from the same surface sediments (0—1cm), using sterilised
10ml tubes and processed within two hours from collection.

An additional sediment core was collected, sliced into 5 horizons
(0-2,2-4,4-6,6—8 and 8—10cm), and stored at —20°C for the
analysis of lipids, carbohydrates, proteins and chloroplastic pigments.
All samples for biological and chemical analyses were collected at the
beginning and at the end of the chamber use.

Phytopigments and Biochemical Composition of Sedimentary OM

After sonication in deionized water, total lipids were extracted from
sediments by direct elution with chloroform and methanol according
to Bligh and Dyer (1959) and Marsh and Weinstein (1966). Data are
reported in tripalmitine equivalents. Protein (PRT) analyses of three
replicates were conducted following extraction with sodium hydroxide
(0.5M, 4h) and were determined according to Hartree (1972), modified
by Rice (1982), to compensate for phenol interference and expressed as
bovine serum albumin (BSA) equivalents. Carbohydrates (CHO) of
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three replicate samples were analysed according to Gerchacov and
Hatcher (1972) and expressed as glucose equivalents. For each bio-
chemical analysis, blanks were performed using sediments that had
been pre-combusted at 450°C for 2 h. The biopolymeric fraction of sedi-
mentary organic carbon (C-BPF) was calculated as the sum of protein,
carbohydrate and lipid carbon using 0.49, 0.4 and 0.75 as conversion
factors (Fichez, 1991).

Analyses of sedimentary chlorophyll-a (Chl-a) and phaeopigments
(Phaeo) were carried out according to Lorenzen and Jeffrey (1980).
Pigments were extracted with 90% acetone (24 h in the dark at 4°C).
After centrifugation, the supernatant was used to determine the
functional Chl-a and acidified with 0.1N hydrochloric acid to estimate
the amounts of phaeopigments present (Plante-Cuny, 1974). Chloro-
plastic pigment equivalents (CPE) were calculated as the sum of chloro-
phyll-a and phacopigments concentrations. Microphytobenthic carbon
was calculated by converting Chl-a concentrations to carbon content
(C-Chl-a) using a conversion factor of 40 (De Jonge, 1980). All data
were normalised to dry weight after desiccation (60°C, 24 h).

Bacterial and Protozoan Analyses

Bacterial analyses were carried out as described by Danovaro and
Fabiano (1995). Bacterial abundance and frequency of dividing cells
were estimated. Bacterial biovolume was converted to carbon content
assuming 310fgCpum > (Fry, 1990). Microprotozoan density was
estimated by a double-staining epifluorescence technique (Bak and
Nieuwland, 1989) at x = 1000. All protozoa were measured with
micrometric eye-pierce and converted to carbon content assuming
200 x 10-9pug C um 3 (Borsheim and Bratbak, 1987). All data were
normalised to dry weight after desiccation (60°C, 24 h).

RESULTS AND DISCUSSION

Characterization of Sedimentary OM in the Rapallo Harbour

The concentrations of chlorophyll-a, phaeopigments, chloroplastic pig-
ment equivalents, proteins, carbohydrates and lipids are reported in
Table I.
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Chlorophyll-a concentrations in the Rapallo Harbour ranges from
5.8 to 14.8 ugg~'. Chloroplastic pigment concentrations (CPE), ranged
from 16.0 to 25.2pugg ", indicating the presence of relatively large
primary organic matter inputs. Chlorophyil-a concentrations reported
for the Rapallo Harbour were about 3 to 4-fold higher than those
reported for the coastal sediments of the Ligurian Sea (Danovaro
et al., 1996). Functional chiorophyll-a concentrations accounted for
a significant fraction (about 48%) of CPE indicating that about half
of the autotrophic biomass was active and probably of microphyto-
benthic origin.

The extremely high protein (range 5.8—9.1mgg™') and carbohydr-
ate (5.8—19.0mgg™") concentrations and the fairly high lipid con-
centrations (0.5—1.7mgg™') in the sediments of the Rapallo Harbour
confirm the presence of large organic inputs. These values are about
10-20 times higher than those reported in other areas by highly pro-
ductive systems such as seagrass beds and coastal lagoons (Danovaro,
1996; Pusceddu et al., submitted).

Concentrations of the biopolymeric carbon in the sediments of the
Rapallo Harbour (range from 6.5 to 12.1mg Cg™") were more than
100-fold higher than those reported in other adjacent coastal sedi-
ments (Fabiano et al., 1995).

The relative significance of lipids, proteins and carbohydrates is
shown in Figure 2. Carbohydrates were the dominant biochemical
class of organic compounds, accounting on average for 58% of the
biopolymeric matter (as the sum of lipids, proteins and carbohydr-
ates), followed by proteins (37%) and lipids (5%). Such biochemical
composition is very close to the one reported for most marine sedi-
ments, being similar to other highly productive-organic rich sediments
(Pusceddu ez al., submitted), to marine cave sediments (Fichez, 1991)
or to subtidal sandy sediments (Fabiano ez al., 1995). Therefore, the
most striking difference between the study area and the other sites is
not due to OM composition but to OM quantity.

In order to investigate the significance of the living component to
the biopolymeric carbon pool, the contribution of the microphyto-
benthic biomass was estimated. Chlorophyll-a carbon (as microphyto-
benthic biomass) represented only a negligible fraction (on average
4%) of the total biopolymeric carbon. Therefore, more than 95% of
the biopolymeric carbon in the Rapallo Harbour was of heterotrophic-
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FIGURE 2 Biochemical composition of the biopolymeric matter: vertical contribution
of carbohydrates, proteins and lipids (average of the two sampling periods).

detrital origin. However, the significant correlation found between
CPE and C-BPF (r = 0.821, p < 0.01, n = 9) suggests that a coupling
between primary production and the sediment organic matter con-
centration in the Rapallo Harbour. A significant correlation between
CPE and carbohydrates was found (r = 0.853, p < 0.01, n = 9).

Vertical Distribution of Sedimentary OM

Vertical patterns of phytopigments investigated are illustrated in
Figure 3. Chlorophyll-a concentrations displayed highest values in the
4—6 cm horizon, whereas phacopigments were characterised by a slight
decline with depth into the sediment core. These different patterns
resulted in a quite constant concentration of CPE in the sediments.
Vertical patterns of carbohydrates, proteins and lipids are reported
in Figure 4. According to CPE distribution, vertical patterns of carbo-
hydrates displayed quite constant concentrations in the top 8-cm depth
of the sediment core. This pattern was in contrast with that of proteins
that increased in deeper sediment layers, and lipids displayed a peculiar
vertical distribution, decreasing down to 8-cm depth and increased in
the 8— 10 cm horizon. The reasons for such different vertical patterns
are largely unknown. From the available literature information, it
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would be expected that a high burial degree was found for the most
refractory components of the sedimentary OM. Conversely, a clear
accumulation in the deeper sediment layers characterized the two
components (i.e., proteins and lipids) are assumed to have a higher
decomposition coefficient. Such different distribution of the three
main biochemical classes of organic compounds has important conse-
quences in terms of OM composition and quality. Vertical changes
in the relative significance of proteins, lipids, and carbohydrates are
reported in Figure 5. The most evident change with increasing depth
into the sediments is the increasing significance of the protein con-
tribution at the expense of the carbohydrate component, while lipid
contribution, on average, remained quite constant. This indicates that
the quality and bio-availability of organic matter in the sediments of
the Rapallo Harbour increased in the deeper layers of the surface
sediments.

Changes in OM Composition During the Experiment

Clear changes in all biochemical components of the sedimentary OM
were observed in a short time scale (4 days between the beginning and
the end of the experiment). Chl-a concentrations decreased signific-
antly (¢-Test, p < 0.01, ¢t = 3.41) for about 36% during the duration
of the experiment (Fig. 6). A similar decrease characterised chloro-
plastic pigment concentrations (CPE, 21.4—17.2pugg™" at the begin-
ning and at the end of the chamber use). Quantitative differences in the
total amount of phytopigments were coupled with changes in the living
autotrophic biomass contribution to CPE (chlorophyll-a accounted
from 53.4 of CPE at the beginning and at 42.3% at the end of the
chamber use). Such a decrease indicates a progressive conversion of
living algal biomass into phytodetritus.

Sedimentary proteins (from 7.5 to 6.7mgg~" at the beginning and
at the end of the chamber use) and carbohydrates (from 16.7 to
78mgg~' at the beginning and at the end of the chamber use),
displayed similar short-term changes, with a decrease in concentration
that was significant only for carbohydrates (¢ = 5.80, P < 0.001). By
contrast, lipid concentrations (from 0.9 to 1.2mgg™" at the beginning
and at the end of the chamber use), although not significantly,
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FIGURE 5 Biochemical composition of the biopolymeric matter: vertical contribution
of carbohydrates, proteins and lipids (expressed as percentage, %) in September and
October 1996.

increased. Such changes were responsible for the C-BPF pattern
observed. C-BPF, indeed decreased significantly (for about 34%;
t = 6.65; p < 0.05) during the experiment (Fig. 7).

Such different temporal pattern was reflected by a different OM
composition. Carbohydrates, the dominant biochemical class of
organic compounds, reduced significantly (¢ = 3.83, P < 0.01) their
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FIGURE 6 Comparison between chlorophyli-a, phaeopigment and CPE concentra-
tions (data are integrated to 10cm depth) in September and October 1996 (¢-test values
are reported).
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FIGURE 7 Comparison between biopolymeric carbon concentrations (C-BPF, data
are integrated to 10cm depth) in September and October 1996 (f-test values are
reported).

relative significance from 66.1 to 49.5%. By contrast, proteins (from
30.2 to 42.7%) and lipids (from 3.7 to 7.8%) increased significantly
(t=-294, P <0.05; t =—-3.85, P <0.01) their contribution to the
biopolymeric pool (Fig. 8).
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FIGURE 8 Relative contribution of the three main biochemical classes of organic
compounds (reported are carbohydrates, proteins and lipids expressed in %). Data are
integrated to 10cm depth.

Such short-term changes suggest that OM pool in the sediments of
the Rapallo Harbour, were characterized by a rapid conversion of the
primary organic matter inputs (largely responsible for the decrease of
the carbohydrate component) into proteins with a consequent strong
increase of the protein to carbohydrate and protein to chlorophyll-a
ratio (Figs. 9a and b).

Changes in Environmental Conditions due to the Organic Enrichment

The main effects of the organic matter accumulation into the
sediments can be summarized in oxygen reduction and changes in
sediment properties. Changes in Redox Potential Discontinuity (RPD)
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FIGURE 9 Comparison between: (a) protein to carbohydrate ratio (PRT:CHO) and
(b) protein to chlorophyll-a (PRT:Chl-a). Data are integrated to 10cm depth.

layer depths may indicate the effects of increased OM concentrations
in the sediments. Generally, sediment hypoxia or anoxia are present
only temporarily, but the very low depth of the RPD in the Rapallo
Harbour (few mm), appears to be a quasi-permanent feature of this
system. As a result of the high organic content, sediments were suboxic
throughout the sediment core. This might have important consequences
on both organism distribution, community composition (possible
appearance of thiobios) and rates of organic matter degradation
and diagenesis. In addition, organic particles may affect sediment
structure and related sediment characteriztics. In fact, low energy
sediments, such as those of the Rapallo Harbour, are a sink for sus-
pended POM, so that benthic organisms are surrounded by muddy
sediments coalesced by large slimes of organic matter. Organic conta-
mination influences sediment particle aggregation with consequences in
the porosity and interstitial sedimentary space and at the same time
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affect benthic fluxes reducing solute exchanges at water-sediment
interface. Sedimentary ofganic matter, under normal conditions,
is generally “removed” from the system by physical forces (tidal move-
ments and currents, dispersion and/or adsorption on particles,
chemical oxidation) that rapidly reduce the in situ concentrations
so that sedimentary OM concentrations and composition might
change within short-time scales. Benthic bacteria and protozoa are
largely responsible for OM degradation processes that might be
significantly reduced in anoxic conditions. To this regard, bioturbation
by infauna (e.g., Capitella capitata) can stimulate biodegradation to
about 15%, increasing the oxygen concentration in deeper sediment
layers (Zhang and Li, 1993). However, a large fraction of the OM
might be buried in the sediments where microbial degradation plays
an important role, unless OM reaches the deeper anaerobic layers
where it might be undegraded for years.

Microphytobenthic Response to Sediment Organic Enrichment

The effects of organic enrichment on microphytobenthic communities
in the field are difficult to identify. The significant decrease of sedi-
mentary chlorophyll-a concentrations during the experiment sug-
gests the presence of microphytobenthic mortality, not reflected by
an increase in the phaeopigment concentration. These data do not
seem to point out any evidence for a stress condition of the micro-
phytobenthic community. OM enrichment might have positive effects
on microphytobenthic communities. In fact, increased concentrations
of dissolved organic material from both the OM input and the
degradation of bottom fauna in the upper layers of the sediments
contribute to the available nutrient supply of the benthic diatoms,
thus increasing their biomass. Moreover, some benthic diatoms are
known to grow heterotrophically (Elmgren et al., 1980a, 1980b). This
reason might explain why a large microphytobenthic biomass was
observed in the Rapallo Harbour sediments, but do not justify the
reasons for a short-term decrease. Two explanations might be hypo-
thesized: (1) chamber deployment affected significantly the environ-
mental conditions during the experiment; (2) the presence of constant
suboxic conditions reduced significantly the autotrophic growth.
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Bacterial Assemblages in OM Enriched Sediments

Bacterial density and biomass in the top 2cm of the sediment slightly
increased during the experiment (Tab. II), ranging from 13.7 to
14.1 x 108 cells g~! and from 138.9 to 142.4pg Cg~' sed. DW. Such
densities appear to be very high when compared to those reported in
other areas of the Mediterranean (Danovaro et al., 1996) and, indeed,
comparable only to those reported in eutrophic systems (such as the
Northern Adriatic, Fabiano et al, 1997). Although changes in
bacterial parameters were limited, they would support the evidence
for an increase of the bacterial component stimulated by the increased
OM quality during the experiment. This was also confirmed by the
increase in the frequency of dividing cells values (FDC, as a relative
measure of the bacterial productivity) that ranged from 10.4 to 11.9%.
The different bacterial size classes showed different responses to
changes in OM composition. Small and large size bacteria decreased
during the experiment, whereas medium size bacteria increased (Fig.
10). Consequently, OM quality rather than its quantity apparently had
a stimulating effect on bacterial assemblages. These data indicate that
bacterial response to increased OM nutritional value was rapid and
that different size classes of bacteria respond differently to changes in
OM composition. In particular, medium size bacteria revealed a higher
opportunistic behaviour. As bacteria accounted on average for 1.5%
to the C-BPF, it is evident that their contribution to the available
organic carbon pool is negligible and indeed lower than the
microphytobenthic contribution (estimated to about 4%). Such low
bacterial contribution is likely to have negligible consequences also in
OM composition. We estimated bacterial-nitrogen contribution to the
ON pools in the sediments of the Rapallo Harbour, by converting

TABLE II Benthic microbial (bacteria and protozoa) parameters in the top 0—1cm
sediment layer of the Rapallo Harbour

BACTERIA 30 September 4 tober Average
Density (n cell x 105g™") 13.71£5.18 14.13£3.6 13.92
Biomass (ugCg™ ") 138.86 + 48.89 142.40 £ 36.97 140.63
Frequency of dividing cells (%) 10.41+1.95 11.89 +£0.63 11.15
PROTOZOA

Density (n cell x 10°g™") 23.56 £9.52 3021+ 11,18 21.10

Biomass (ugCg ") 16.97+6.34 14.98 £3.69 12.76
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Bacterial size classes

T

TBN1 TBN2 TBN3

n cells 10° g DW

30 Sept W4 Oct

FIGURE 10 Comparison between bacterial density in September and October 1996
(data are relative to the top 0—1cm layer): small (TBN1) medium (TBN2) and large size
(TBN3) bacteria are reported.

bacterial biomass into nitrogen content (assuming a bacterial C/N = 4)
and converting protein concentration in ON equivalents (assuming
a conversion factor N-Proteins = Proteins/6.25). Our results point out
that bacterial-N, accounting only for about 3% to the protein nitrogen
pool, provided a negligible contribution to the increased relevance of
the ON pool in these sediments.

Protozoan Response to Changes in OM Composition

As observed for bacteria, OM quality had important effects on pro-
tozoan assemblages. A stimulating effect was reported for micro-
protozoans that increased rapidly during the experiment. Protozoan
density ranged from 23.6 to 30.2 x 10° cells g~ at the beginning and
at the end of the chamber use, an increase of 28% (Tab. IT). Experi-
mental studies carried out in enriched tanks (Elmgren et al., 1980a,
1980b) confirmed these findings demonstrating that both ciliate and
flagellate densities increased by about 3 times in 3 months. Similar
experimental results were reported for foraminifer densities (Frithsen
et al., 1985) that were found to increase sharply and significantly with
increasing OC concentrations and also to large, robust ciliates retained
by a 40 pm sieve were significantly more abundant in organic enriched
tanks than in controls. Therefore, it seems that high OM loads do not
affect protozoa. Moreover, data from Albertelli ef al. (present volume)
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indicate a parallel decrease of meiofauna during the experiment. Such
increase in protozoan abundance is attributable to both predation
and disturbance pressure from the metazoans (Elmgren et dal.,
1980a, 1980b), the release of the protozoa from competition (Oviatt
et al., 1982), and overall increase in food at the sediment surface.

Effects of Organic Enrichment on the Benthic Microbial Loop

Bacterial and protozoan densities encountered in this study are among
the highest reported in literature and are likely to be dependent upon
the large availability of organic nutrients. It has been recently de-
monstrated that protozoan density is closely related to bacterial pro-
duction (Danovaro et al., 1998). The high protozoan density, carbon
demand and bacterial frequency of dividing cells would indicate
very high values of bacterial secondary production. This conclusion
is also supported by the profiles of nitrite and nitrate (26.0 and
112.0ug N 17") that indicate nitrification processes in the surface layer
of the Rapallo sediments (Ceradini et al., 1997).

The relative importance of the different benthic components is
highlighted by the comparison in terms of biomass (data normalised
to the top 1cm); meiofauna, protozoa and bacteria showed an
approximate biomass ratio of 1:2:20. Such biomass-ratio values are
quite different from those reported in more oligotrophic areas. For
instance, Dye (1981) reported values of the meiofauna to bacteria
biomass ratio in exposed sandy beaches ranging from 12:1 to 20:1.
Similarly, Albertelli ez al. (submitted) reported for the oligotrophic
Northwestern Mediterranean sediments a meiofauna to bacteria bio-
mass ratio ranging from 3:1 to 11:1. Danovaro (1996), using sedi-
ments of a seagrass bed, reported a meiofauna to bacteria biomass
ratio of about 5:1. By contrast, Koop and Griffiths (1982), in a non-
food-limited environment, stressed the dominance of bacteria over
meio- and macrofauna (1:1:3).

CONCLUSIONS

The increasing data base on the concept of a pelagic “microbial loop”
(Azam e? al., 1983) has stimulated new thinking about the potential for
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similar microbial pathways and interactions to occur in the seabed.
Detrital food webs in shallow marine sediments are dependent, indeed,
on the catalytic activities of bacteria and on protozoan links between
bacteria, meio- and macrofauna. Such a detrital benthic “microbial
loop” can change in structure and function in response to environ-
mental stress including organic carbon contamination. From data
reported in field and experimental studies, it emerges clearly that the
input of large amounts of organic matter to the sediments induces
long-term changes in the structure of the benthic community in-
creasing the relative importance of the smaller components of the
benthic food web. Such a finding is consistent with studies carried out
on benthic metabolism and community structures affected by oil con-
tamination or in natural coastal petroleum seeps where microbial bio-
mass and activity were significantly higher than in areas uninfiuenced
by oil contamination (Montagna et a/., 1986). Two main reasons might
be invoked for explaining such benthic community structure shift
towards smaller size organisms: (1) reduction of the top—down
control and grazing pressure of meio- and macrofauna on the micro-
bial components; (2) opportunistic behaviour and high metabolic
activity of the microbial components.

Acknowledgements

This work was undertaken as part of the Research Programme
“Community Experiments using Benthic Chambers” financially sup-
ported by the Ministero Ricerca Scientifica ¢ Tecnologica of the Italian
Government. The authors are indebted with Dr. Fabio Fiori (Univer-
sity of Parma), Dr. Chiara Chiantore and D. Martorano (University
of Genoa) for collaboration during sampling.

References

Albertelli, G. and Fabiano, M. (1990) Caratteristiche trofiche di una stazione costiera in
Mar Ligure. Atti VIII Congresso Associazione Italiana Oceanologia Limnologia,
Trieste, pp. 59-66.

Albertelli, G., Covazzi, A., Danovaro, R., Fabiano, M., Fraschetti, S. and Pusceddu, A.
(submitted) Bacteria-Meiofauna-Macrofauna interactions in an estuarine area
(Ligurian Sea, NW Mediterranean): role of food availability. Journal of Sea
Research.



13: 44 15 January 2011

Downl oaded At:

28 R. DANOVARO ¢t al.

Albertelli, G., Covazzi, A., Chiantore, M., Danovaro, R. and Della Croce, N. (present
volume) Community experimentations through benthic chambers: changes in
macro- and meiobenthic compartments. Chemistry and Ecology, 16.

Alongi, D. M. (1987) The distribution and composition of deep-sea microbenthos in a
bathyal region of the western Coral Sea. Deep-Sea Research, 34, 1245--1254.
Azam, F., Fenchel, T., Field, J. G., Gray, J. S., Meyer-Reil, L.-A. and Thingstad, F.
(1983) The ecological role of water-column microbes in the sea. Marine Ecology

Progress Series, 10, 257-263.

Bak, R. P. M. and Nieuwland, G. (1989) Seasonal fluctuations in benthic protozoan
populations at different depths in marine sediments. Netherland Journal of Sea
Research, 24, 37—44.

Bligh, E. G. and Dyer, W. (1959) A rapid method for total lipid extraction and
purification. Canadian Journal of Biochemistry and Physiology, 37, 911-917.

Borsheim, K. Y. and Bratbak, G. (1987) Cell volume to cell carbon conversion factors
for a bacterivorous Monas sp. enriched from seawater. Marine Ecology Progress
Series, 36, 171-175.

Ceradini, S., Ciceri, G., Fiori, F. and Martorano, D. (1997) Fluxes from sediments in the
Golfo del Tigullio. S. Ir. E. Atti, 18, 275-278.

Ciceri, G., Maran, S., Martinotti, G. and Queirazza, G. (1992) Geochemical cycling of
heavy metals in marine coastal area: benthic flux determination from pore water
profiles and in situ measurements using benthic chambers. Hydrobiologia, 235236,
501-517.

Cunningham, J. R. and Ustach, J. F. (1992) Protozoan number and biomass in the
sediments of the Blake Outer Ridge. Deep-Sea Research, 39, 789—794.

Danovaro, R. (1993) Analysis of the dynamics and trophic structure of meiobenthic
communities in relation to the organic matter content and composition (Mar
Ligure) (In Italian) Ph. D. dissertation. University of Pisa, pp. 246.

Danovaro, R. (1996) Detritus-bacteria-meiofauna interactions in a seagrass bed
(Posidonia oceanica) of the NW Mediterranean. Marine Biology, 127, 1-13.

Danovaro, R. and Fabiano, M. (1995) Seasonal and inter-annual variation of bacteria
in a seagrass bed of the Mediterranean Sea: relationship with labile organic
compounds and other environmental factors. Aquatic Microbial Ecology, 9, 17-26.

Danovaro, R., Della Croce, N. and Fabiano, M. (1996) Microbial response to oil
disturbance in the coastal sediments of the Ligurian Sea (NW Mediterranean).
Chemistry and Ecology, 12, 187-198.

Danovaro, R., Marrale, D., Della Croce, N., Dell’Anno, A. and Fabiano, M. (1998)
Heterotrophic nanoflagellates, bacteria and labile organic compounds in cont-
inental shelf and deep-sea sediments of the Eastern Mediterranean. Microbial
Ecology, 35, 244-255.

De Jonge, V. N. (1980) Fluctuations in the organic carbon to chlorophyll a ratios for
estuarine benthic diatom populations. Marine Ecology Progress Series, 2, 345—353.

Deming, J. W. and Barross, J. A. (1993) The early diagenesis of organic matter: bacterial
activity. In: Engel, M. and Macko, S., Eds., Organic Geochemistry. 6. Topics in
Geobiology, Plenum Press, New York, pp. 119-144.

Dye, A. H. (1981) A study of benthic oxygen consumption on exposed sandy beaches.
Estuarine Coastal Shelf Science, 13, 671-680.

Elmgren, R., Hanson, U. and Sundelin, B. (1980a) The Tsesis oil spill, report to the first
year scientific study (October 26, 1977 to December 1978), (Kineman, J. J.,
Elmgren, R. and Hanson, S., Eds.), pp. 97-126. Colorado, U.S. Dept. of Com-
merce. Office of Mar. Pollut. Assessment.

Fabiano, M., Zavattarelli, M. and Palmero, S. (1984) Observations sur la matiére
organique particulaire en Mer Ligure (chlorophylle, proteines, glucides, lipides).
Thétys, 11, 133-140.

Fabiano, M., Danovaro, R. and Fraschetti, S. (1995) A three-year series of elemental
and biochemical composition of organic matter in subtidal sandy sediments of the



13: 44 15 January 2011

Downl oaded At:

BENTHIC CHAMBERS: MICROBIAL SIGNIFICANCE 29

Ligurian Sea (northwestern Mediterranean). Continental Shelf Research, 15,
1453 -1469.

Fabiano, M., Danovaro, R., Chiantore, M. and Pusceddu, A. (in press) Bacteria,
protozoa and organic matter composition in the sediments of Terra Nova Bay
(Ross Sea). Springer-Verlag Special Issue Ross Sea Ecology. Italiantartide
Expeditions, (1987—1995).

Fabiano, M., Danovaro, R. and Manini, E. (1997) Organic matter composition,
bacterial production and enzymatic activities in the sediments of the Northern and
Middle Adriatic (June—July 1996). Technical Report, PRISMA Programme, CNR,
Italy, pp. 1-25.

Fichez, R. (1991) Composition and fate of organic matter in submarine cave sediments:
implications for the biochemical cycle of organic carbon. Oceanologica Acta, 14,
369-377.

Frithsen, J. B., Elmgren, R. and Rudnick, D. T. (1985) Responses of benthic meiofauna
to long-term low-level oil additions of No. 2 fuel oil. Marine Ecology Progress
Series, 23, 1-14.

Fry, J. C. (1990) Direct methods and biomass estimation. Methods in Microbiology, 22,
41-85.

Gerchacov, S. M. and Hatcher, P. G. (1972) Improved technique for analysis of
carbohydrates in sediments. Limnology and Oceanography, 17, 938-943.

Graf, G., Bengtson, W_, Diesner, U., Schulz, R. and Theede, H. (1982) Benthic response
to sedimentation of a spring phytoplankton bloom: processes and budget. Marine
Biology, 67, 201-220.

Graf, T., Shulz, R., Peinert, R. and Meyer-Reil, L.-A. (1983) Benthos response to
sedimentation during autumn to spring at a shallow water station in the western
Kiel Bight. I. Analysis of the processes on the community level. Marine Biology, 17,
235-246.

Grant, J. and Hargrave, B. T. (1987) Benthic metabolism and the quality of sediment
organic carbon. Biological Oceanography, 4, 243 —-264.

Hansen, L. S. and Blackburn, T. H. (1991) Aerobic and anaerobic mineralization of
organic material in marine sediment microcosms. Marine Ecology Progress Series,
75, 283-291.

Hansen, L. S. and Blackburn, T. H. (1992) Effect of algal bloom deposition on sediment
respiration and fluxes. Marine Biology, 112, 147-152.

Hartee, E. F. (1972) Determination of protein: a modification of the Lowry method that
gives a linear photometric response. Analytical Biochemistry, 48, 422—427.

Hondeveld, B. J. M., Nieuwland, G., Van Duyl, F. C. and Bak, R. P. M. (1994)
Temporal and spatial variations in heterotrophic nanoflagellate abundance in
North Sea sediments. Marine Ecology Progress Series, 109, 235-243.

Jensen, M. H., Lomstein, E. and Sgrensen, J. (1990) Benthic NH; and NOj flux
following sedimentation of a spring phytoplankton bloom in Aarhus Bight,
Denmark. Marine Ecology Progress Series, 61, 87—96.

Kemp, P. F. (1988) Bacterivory by benthic ciliates: significance as a carbon source and
impact on sediment bacteria. Marine Ecology Progress Series, 49, 163—169.

Kemp, P. F. (1994) Microbial carbon utilization on the continental shelf and slope
during the SEEP-II experiment. Deep-Sea Research, 41, 563 —581.

Koop, K. and Griffiths, C. L. (1982) The relative significance of Bacteria, Meio- and
Macrofauna on an exposed sandy beach. Marine Biology, 66, 295—300.

Lorenzen, C. and Jeffrey, J. (1980) Determination of chlorophyll in sea water. Unesco
Technical Papers in Marine Science, 35, 1-20

Marsh, J. B. and Weinstein, W. J. (1966) A simple charring method for determination of
lipids. Journal of Lipid Research, 7, 574 —-576.

Montagna, P. A., Bauer, J. E,, Prieto, M. C,, Hardin, D. and Spies, R. B. (1986} Benthic
metabolism in a natural coastal petroleum seep. Marine Ecology Progress Series, 34,
31-40.



13: 44 15 January 2011

Downl oaded At:

30 R. DANOVARO et al.

Oviatt, C., Frithsen, J., Gearing, J. and Gearing, P. (1982) Low chronic additions of No.
2 fuel oil: chemical behavior, biological impact and recovery in a simulated
estuarine environments. Marine Ecology Progress Series, 9, 121—-136.

Plante-Cuny, M. R. (1974) Evaluation par spectrophotomeétrie des teneurs en chloro-
phill-a fonctionelle et en phaeopigments des substrats meubles marins.
0O.R.S.T.O.M. Nosy Be, pp. 45.

Pusceddu, A., Sara, G., Armeni, M., Fabiano, M. and Mazzola, A. (submitted) Seasonal
and spatial changes in sediment organic matter composition of a semi-enclosed
marine system (W Mediterranean Sea). Hydrobiologia.

Rice, D. L. (1982) The detritus nitrogen problem: new observations and perspectives
from organic geochemistry. Marine Ecology Progress Series, 9, 153—162.

Sherr, B. F. and Sherr, E. B. (1991) Planktonic microbes: tiny cells at the base of the
Ocean’s food webs. Trends in Ecology and Evolution, 6, 50— 54.

Van Duyl, F. C, Kop, A. J,, Kok, A. and Sandee, J. J. (1992) The impact of organic
matter and macrozoobenthos on bacterial and oxygen variables in marine sediment
boxcosms. Netherland Journal of Sea Research, 29, 343—355.

Zhang, X. and Li, Y. (1993) The effects of bioturbation on biodegradation of oil. Journal
of Oceanology, 23, 55-59.



