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ABSTRACT: The main aim of the present study was to evaluate and compare temporal responses of
the benthos in 2 continental shelf areas (Cabo Frio and Ubatuba) off the SE Brazilian coast. In Cabo
Frio (23°S, 42°W), the western boundary coastal upwelling of the South Atlantic Central Water
(SACW) enhances primary productivity, potentially increasing food supply to the benthic communi-
ties via sinking of particulate organic carbon (POC). In contrast, POC fluxes in Ubatuba (23°S, 45° W)
are expected to be comparatively lower because SACW remains subsurface. We analyzed the tempo-
ral and spatial input of phytodetritus (concentration of chlorophyll a in sediments) and the benthic
microbial biomass (estimated by ATP-based carbon content in sediments). Median surface chloro-
phyll concentration was computed for all daily available SeaWiFS images (from 2001 and 2002) to fol-
low chlorophyll a inputs. All parameters used to investigate benthic responses in the study areas
showed consistently higher values in Cabo Frio than in Ubatuba. The results showed that benthic
response to upwelling may last months, fueling the microbial communities in the Cabo Frio region.
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INTRODUCTION

The input of organic material to the seafloor strongly
depends on the biological production occurring in the
euphotic zone, and the degree to which vertical sink-
ing of phytoplankton aggregates and faecal pellets
successfully reach the bottom. On average, 25 to 50 %
of the primary productivity reaches the seabed in
coastal areas, whereas only about 1% is delivered to
the deep sea (Suess 1980). The sinking of particulate
organic carbon (POC) is subjected to seasonal varia-
tions due to the phytoplanktonic annual productivity
cycle (Pfannkuche et al. 2000). As a consequence,
export inputs to the benthic system can be episodic.
This pulsed organic material delivered to the sedi-
ments has important consequences for the activity and
structure of bottom communities in terms of abun-
dance (see Gooday & Turley 1990), biomass (Duin-
eveld et al. 2000, Brown et al. 2001) and seasonal
cycles of reproduction, growth and recruitment of
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invertebrates (Tyler 1988, Sumida et al. 2000). Sedi-
ment biogeochemical processes transform the de-
posited material and return them (e.g. nutrients) to the
water column and, as a consequence, benthic-pelagic
coupling occurs (Graf 1992, Soetaert et al. 2000).

In the last 2 decades, several studies have focused
on the temporal variability of the coupling between
benthos and water column processes. These studies
have reported a rapid reaction of the benthic micro-
bial community to organic inputs through fast
increases in biomass (Soltwedel 1997). Responses of
unicellular organisms tend to mirror the prevailing
food conditions rather than long-term averages of
available food (Lavaleye et al. 2002). However, this
seems not to be entirely true for metazoans (e.g. Goo-
day & Turley 1990, Graf 1992). The investigation of
benthic—pelagic coupling processes through a benthic
view is one of the tools used to understand the
organic carbon flow and biogeochemical cycles in the
ocean.
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The present study is part of the DEPROAS (SW At-
lantic Continental Shelf Ecosystem Dynamics) project,
which aimed to investigate the influence of the cold
and nutrient-rich South Atlantic Central Water
(SACW) on the marine ecosystem. We compared the
benthic responses in Cabo Frio, where there is a sea-
sonal, Ekman-driven coastal upwelling of the SACW
during the summer months (Miranda 1982, Matsuura
1986), with Ubatuba, where the SACW is found in
summer at shallow subsurface depths (~10 m) (Castro-
Filho et al. 1987). This seasonal physical pattern in the
South Brazilian Bight (SBB) seems to govern a marked
biological productivity in the area.

In Cabo Frio, phytoplankton biomass ranges from 5
to 12 mg chl a m~® during the summer months (Gonza-
lez-Rodriguez 1991), with extreme reported levels
reaching 25.5 mg chlorophyll a (chl a) m™ (Moser &
Gianesella-Galvao 1997). The latter levels are compa-
rable to values from Antarctica (25 to 35 mg chl a ’3),
where primary productivity is concentrated in only 1
period of the year (Karl et al. 1996). In Ubatuba, on the
other hand, mean chlorophyll values are lower (0.67 to
2.77 mg chl a m™%), even though there is an enhance-
ment of primary production during the summer months
(Aidar et al. 1993).

The increase in primary production seems to drive
some important biological patterns of benthic inhabi-
tants. Ventura et al. (1997) reported strong correlations
between the gametogenic cycle of the sea-star Astro-
pecten brasiliensis and the intrusion of SACW in Cabo
Frio. These data highlight the influence of SACW in
the SBB ecosystem, promoting the enhancement of
biological production in the pelagic system (Valentin et
al. 1987, Silveira et al. 2000), and a subsequent transfer
to the benthic assemblages.

Our goal is to assess the response of the benthic
microbial communities (estimated from sediment
C-ATP content) to the temporal and spatial input of
phytodetritus (concentration of chl a in sediments) as a
marker for labile organic matter (Graf 1989, Sun et al.
1991, Boon & Duineveld 1998, Danovaro et al. 1999,
Pfannkuche et al. 2000) in areas with contrasting pri-
mary production regimes.

MATERIALS AND METHODS

Study site at the SE Brazilian continental sheli. The
SE Brazilian Bight (SBB, 23 to 28°S) is influenced by
3 water masses: the Tropical Water (TW, T > 20°C and
S > 36.40), the SACW (T < 20°C and S < 36.40), and the
Coastal Water (CW, a low-salinity water resulting from
the dilution of oceanic water by fresh water input from
small to medium-sized estuaries along SBB) (Campos
et al. 1996, 2000, Silveira et al. 2000). According to

Castro & Miranda (1998), the intrusion of the SACW in
SBB is related to meanders and eddies formed by the
Brazil Current (BC, the interaction of TW and the
SACW). Off Cabo Frio (23°S to 42° W), Rio de Janeiro
State, the SBB is characterized by a relatively narrow
shelf (~50 km in length), with an abrupt change in
coastline direction (from NE-SW in the northern
portion to E-W in the southern portion). Under pre-
vailing N-NE winds, surface water moves offshore (via
Ekman transport), resulting in the upwelling of SACW,
which occurs more commonly during the summer
(Silveira et al. 2000). The coastal upwelling is inhibited
when southern cold fronts (S—SW winds) reach the
area (Valentin et al. 1987). Despite its seasonal nature,
upwelling events are not only restricted to summer
months (Matsuura 1986), being activated when
upwelling winds are favorable.

Off Ubatuba (24°S to 45°W), Sao Paulo State, the
extension of the shelf is much larger, reaching approx-
imately 120 km. A strong summer thermocline (20 to
50 m depth) is formed by the intrusion of SACW below
the CW. During the winter, SACW retreats towards the
slope (Castro-Filho et al. 1987).

Sampling and methodological approaches for chl a
and microbial biomass. Sampling was undertaken
during the BENTHOS cruises (within the DEPROAS
project) in July 2001, February 2002 and September
2002, on board the RV ‘Prof. W. Besnard' (Oceano-
graphic Institute/University of Sao Paulo) (Table 1).
Sediment samples were collected with a spade box
corer (area = 0.09 m?; total volume = 45 1) at depths of
40, 100, 250 and 500 m off Cabo Frio (Stns CF40,
CF100, CF250 and CF500) and at depths of 40 and
100 m off Ubatuba (Stns UB40 and UB100) (Fig. 1).
Deep-water sampling (>250 m) was prevented during
the second survey owing to the loss of the box corer.
After retrieval, each box was subsampled with a 10 cm
diameter plexiglass corer. The corers were sliced in
vertical intervals (Oto1,1to2,2to3,3to4,4to6,6to
8 and 8 to 10 cm) for chl a, ATP and grain size analyses.

Sediment chl a samples were frozen at —20°C and
concentrations were measured spectrophotometrically
(absorbance read at 430 and 665 nm) in the laboratory
(Plante-Cuny 1978) after extraction with 100% ace-
tone. Six replicate ATP samples were extracted for
each sediment horizon with H3;PO, on board and
frozen at —20°C for subsequent analysis. The microbial
biomass was estimated though the quantification of
particulate Adenosine 5' Triphosphate (P-ATP) descri-
bed by Karl (1993) (see also Karl & Dobbs 1998) and
converted to carbon biomass using a constant ratio
carbon:ATP of 250:1 (Karl 1980). Sediment grain size
was measured using a Malvern laser diffraction sedi-
ment analyzer. Statistical analyses were performed
using a Kruskall-Wallis, non-parametric test.
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Table 1. Stations sampled during Project DEPROAS in Cabo Frio and Ubatuba
(summer 2001, winter 2001, summer 2002 and spring 2002)

Cruise Stn No. of box Depth Latitude (S), Longitude (W)
corer samples (m)
Cabo Frio — CF 40 1 37 22°58.43', 42° 03.34'
winter 2001 CF 40 1 37 22°58.43', 42° 03.34'
CF 100 1 102 23°04.50', 42° 00.90'
CF 100 2 103 23°00.50', 42° 00.90'
CF 250 2 247 23°46.10', 41° 42.70'
CF 500 1 470 23°48.80', 41° 41.30'
Ubatuba — UB 100 2 110 24°20.00', 44° 51.60'
winter 2001 UB 40 2 37 23°42.30', 45° 01.60'
Ubatuba - UB 40 2 37 23°42.30', 45° 01.60'
summer 2002 UB 100 2 103 24°20.00', 44° 51.60'
Cabo Frio - CF 40 2 35 22°58.56', 42° 03.19'
summer 2002 CF 100 2 103 23°04.05', 42° 00.90'
CF 250 0 235 Box corer lost
Ubatuba - UB 40 2 36 23°42.30', 45° 01.60'
spring 2002 UB 100 2 100 24°20.00', 44° 51.60'
Cabo Frio — CF 40 2 40 22°58.50', 42°03, 20’
spring 2002 CF 100 2 100 23°04.50', 42° 00.90'
CF 250 3 235 23°46.10', 41° 42.70'
CF 500 2 500 23°48.80', 41° 41.30'
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Fig. 1. Sampling stations off the SE Brazilian coast. Squares represent areas where
median chlorophyll values were obtained from SeaWiFS data. UB40 and UB100:
Ubatuba stations at 40 and 100 m depth, respectively; CF40, CF100, CF250 and

CF500: Cabo Frio stations at 40, 100, 250 and 500 m depth, respectively

and longitudes between 41°30' and
44°00'W). The idea was to compute a
median value for each area for the 2 yr
period and to use the daily values to
estimate a time series of chlorophyll
‘anomalies’. This was made in order to
emphasize the variability of chlorophyll
inputs rather than their absolute val-
ues, as the regions present many dis-
tinct particularities, which include dif-
ferent depths, different oceanographic
processes, and different background
values of chlorophyll concentration.
Note that in this approach, we are
assuming that the variability in chloro-
phyll concentration at the surface
covaries well with that from depth-
integrated chlorophyll values.

Maps of surface chlorophyll were
produced as follows: (1) Daily HRPT
SeaWiFS images (1 km resolution at
nadir) were acquired from DAAC
(Distributed Active Archive Center)
from NASA as Level 1A. (2) Daily
meteorological data, also acquired at
DAAC, were used to process Level 1A
images to Level 2, from which surface
chlorophyll concentration was esti-
mated using the global oc2 algorithm
version 4. The values estimated using
this algorithm agree well with in situ
data (A. M. Ciotti et al. unpubl. data).
Chlorophyll concentrations of less
than 0.01 or greater than 32 mg m™3
were excluded because the general
upper limit for the oc2 algorithm of
64 mg m™ is unrealistic for the study
area (Gonzalez-Rodriguez 1991, Moser
& Gianesella-Galvao 1997), and only
observed in the images for pixels close
to cloudy areas or land. The products
were mapped to a cylindrical projec-
tion and the values from the 2 areas
were isolated (Cabo Frio and Uba-
tuba). Within each area, sub-regions
were analyzed separately, depending
on the depth ranges (from 5 to 200 m).

Sea surface images from SeaWiFS satellite and
chlorophyll anomalies. We used 2 yr of daily surface
maps of estimated chlorophyll concentration using the
data from the SeaWiFS sensor. Two areas were
arbitrarily chosen over the sampling points (Fig. 1), at
Ubatuba (latitudes between 23°30" and 24°30'S,
and longitudes between 44°12' and 45°12'W) and
Cabo Frio (latitudes between 23°00' and 24°00'S,

The median chlorophyll concentration was computed
for all daily available images in which the coverage
(i.e. pixels containing data) was >50%. A ‘global’
median value for each sub-area was computed for
2001 and 2002, and used to estimate a time series
of chlorophyll ‘anomalies’, to emphasize the variabil-
ity of chlorophyll inputs rather than their absolute
values.



38 Mar Ecol Prog Ser 291: 35-42, 2005

RESULTS
Temporal variability of chl a inventories

Sedimentary chl a inventories for the first 10 cm of
the sediment column ranged from 0.8 to 10.2 ug g%
Overall, values at Cabo Frio were higher than those
found in Ubatuba (Figs. 2 & 3). Values at the 100 m
station in Cabo Frio (CF100) were the highest in all
periods (Fig. 2), ranging from 3.4 (spring 2002) to
10.2 pg g~! (winter 2001). In contrast, the deepest sta-
tions, CF250 and CF500, sampled in winter 2001 and

spring 2002, showed the lowest chl a concentrations
(0.8 to 1.3 pg g1) (Figs. 2 & 3). At Stn CF250, almost no
difference was found between winter and spring, but
at CF500, values in spring were 1.6 greater than in
winter. Surprisingly, Cabo Frio sediments showed
higher concentrations of chl a in the winter of 2001,
when sedimentary chl a values reached a peak at Stns
CF40 and CF100 (Fig. 2). Values from winter 2001 at
Stns CF40 and CF100 were 1.7 times greater than
those found during the summer of 2002 and more than
2.6 times (mean value for both stations) higher in
spring 2002.
No marked temporal changes in
sedimentary chl a inventories were

12 1.2 found in Ubatuba. Values ranged from
; gi :gomm _o— Ghi-aanomaly 0.9 to 2.8 pg g', with slight increa-
10 WEECF250m _ o L 10 ses in the summer of 2002 at Stns
I CF500m UB40 and, particularly, UB100 (mean
"; 08 values 1.4 and 1.7 times greater than
g 8 o winter and spring, respectively) (Fig.
@ L 58 g 3). Stn UB40 showed the highest val-
S 6 4 2 ues in all periods, ranging from 2.4 pg

> © 1 . . 1
& 04 @ g~ during winter to 2.8 pg g in sum-
5 5 mer. The lowest values were found at
£ 4 o Stn UB100 in spring 2002 (0.9 pg g7}).
3 | In the summer and spring of 2002, Stn
24 ” UB40 presented values comparable to
’ those found for the same periods and

depth at Cabo Frio (Figs. 2 & 3).
& e The concentration of chl a in sedi-
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Fig. 2. Chl a inventories (bars) and sea-surface chlorophyll anomalies (lines)
from Cabo Frio in 2001 and 2002. Julian Days are summed for both years

ments of both areas seems to mirror the
surface chl a anomalies monitored by
SeaWiFS satellite data (Figs. 2 & 3).
Large anomalies occurred at Cabo Frio,
with higher peaks in spring 2001 and

12 1.2 summer 2002, just when the upwelling
EE UB40m o (— eveqts are more common. In Ubatuba,
0 E= uB 100 m L 10 the intensity of anomalies was much

Sedimentary Chl-a (ug g'1)

lower (Fig. 3).
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L o6 & Sediment microbial biomass
% dynamics in response to organic
04 O matter input regimes
5
. Sediment microbial biomass invento-
| ries ranged from 283.4 to 5171.7 ngC
gl. Cabo Frio showed high biomass
- 0.0

values, particularly in summer 2002,
when a conspicuous peak was detected
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Fig. 3. Chl a inventories (bars) and sea-surface chlorophyll anomalies (lines)
from Ubatuba in 2001 and 2002. Julian Days are summed for both years

032 at Stns CF40 and CF100 (Fig. 4). A 4-
fold increase in biomass at Stns CF40
and CF100 was observed from winter to
summer (Fig. 4). Spring 2002 invento-
ries at Stn CF100 were nearly double
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Fig. 4. Microbial biomass inventories (bars) and sea-surface chlorophyll
anomalies (lines) from Cabo Frio in 2001 and 2002. Julian Days are summed

for both years

Surface chl a anomalies showed clear
differences between the study areas,
with larger anomalies in Cabo Frio,
except in spring 2002, when values at
Ubatuba were higher (Figs. 2 & 3).
During this period, microbial biomass

6000 1.2 was 2.6 times greater than the other 2
; Sg :gomm —o— Chl-a anomaly " periods analyzed (UB40, Fig. 5).
5000 :
" 08 DISCUSSION
g 4000 .
3 L 06 g Our results suggest the enhanced
g 3000 4 % primary productivity on the Cabo Frio
o | g4 & coastal upwelling system is reflected
8 S in the sediments by a high micro-
g 2ol e bial biomass and labile organic matter
= content (i.e. sedimentary chl a con-
1000 - centration), when compared with
Ubatuba (Figs. 2 & 5). The phyto-
planktonic production in the eupho-
0 02 tic zone off Cabo Frio is more than 5-
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Fig. 5. Microbial biomass inventories (bars) and sea-surface chlorophyll
anomalies (lines) from Ubatuba in 2001 and 2002. Julian Days are summed

for both years

those of winter 2001. Besides, values from spring were
even much lower than those in summer (Fig. 4). Stns
CF250 and CF500 did not show pronounced differ-
ences between winter 2001 and spring 2002, compris-
ing the lowest values observed in the area, except
in winter for Stn CF250 (Fig. 4). Stn CF100 was the
most influenced by the seasonality of the coastal
upwelling off Cabo Frio waters, with high microbial
biomass values in summer 2002 (5171.7 pg C g~'), and

fold higher than that found off
Ubatuba (Gonzalez-Rodriguez 1991,
Aidar et al. 1993). Part of this organic
material (OM) is delivered to the
benthos, establishing a tight benthic—
pelagic coupling in the area. Mahi-
ques et al. (2002) pointed out that the
deposition of organic matter from the pelagic system
is more noticeable in Cabo Frio than other shelf
areas of the SBB. Our findings also suggest that the
upwelling events in Cabo Frio have a greater impact
at a depth around 100 m. Despite the seasonal
nature of the upwelling in Cabo Frio, non-seasonal
events may also trigger the upwelling, firing a series
of benthic ecological responses, particularly in rela-
tion to the microbial communities.
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Temporal changes of microbial biomass and
sedimentary chl a in Ubatuba

Temporal changes in the benthic microbial biomass
and sedimentary chl a were not observed in Ubatuba.
However, slight differences in these parameters prob-
ably indicate that shelf circulation may play a role in
benthic dynamics. High values were found at Stn
UB40, which might be related to the input of terrestrial
OM to the benthic system. Furtado & Mahiques (1990)
described the importance of the rainy season (summer)
for the transport of sediments and OM by the coastal
water (CW) to the inner shelf (~50 m depth). At mid-
shelf depths, SACW advection creates conditions for a
relatively high subsurface primary production, mainly
during summer (Aidar et al. 1993). This can be seen in
Fig. 3, where we observed a peak in microbial biomass
and sedimentary chl a at Stn UB100 (summer 2002),
which was probably not apparent in the chl a anomaly
values due to its sub-superficial nature.

Surface chl a anomalies were much lower in Ubatuba
than Cabo Frio, despite the observation of some pulsed
events, particularly in spring 2002 (Figs. 3 & 5). The
parameters used as a proxy to assess benthic community
status did not respond temporally and they may be of mi-
nor importance to the benthic fauna structure in Ubatuba.

Benthic responses to upwelling events in Cabo Frio

According to Suess (1980), the coupling of benthic
and pelagic systems mainly depends on depth, so we
would expect a high deposition and concentration of
phytodetritus at shallower stations. This was observed
in Ubatuba, but not in Cabo Frio. The low values of
sedimentary chl a and benthic microbial biomass at Stn
CF40 could be explained by the grain size, since
coarser sediments do not allow retention of organic
matter (Koster & Meyer-Reil 2001). In Cabo Frio sedi-
ments, no significant differences in microbial biomass
and chl a were found between samples from Stns
CF40, CF250 and CF500 (p > 0.05). Only CF100
showed higher levels of such parameters (p < 0.01)
within and among sampling periods (Figs. 2 & 4).

This trend could be related to the sinking trajectories of
POC and hydrodynamics, as reported by Deuser (1986)
and Siegel & Deuser (1997) for the deep oceans. This is an
important issue in the Cabo Frio area, where upwelling
plumes are commonly found advancing offshore due to
Ekman transport. Hence, it would be expected to find
higher sedimentation rates at Stn CF100, agreeing with
the higher standing stock of microfauna at this depth,
where the concentration of sedimentary chl a was also
conspicuous and muddy sediments dominate.

Data on abundance and distribution of nematodes cor-
roborate our results in Cabo Frio, showing significant
discrepancies between CF40 and CF100 (T. N. Corbisier
pers. comm.). Furthermore, the benthic megafauna col-
lected concomitantly during all sampling periods
showed similar distribution, with higher standing stock
developing around the 100 m isobath (De Léo 2003).
Thus, there is a strong evidence of organic enrichment in
CF100 sediments, which was significantly different from
the others stations, in all periods, and is certainly related
to the local coastal upwelling regime.

Surprisingly, the chl a inventories at Cabo Frio were
higher in winter 2001 than during the summer and
spring of 2002. This temporal uncoupling could be
interpreted as a consequence of a high production in
the euphotic zone. We speculated that this trend
appeared as a result of the observed sea surface anom-
aly in winter 2001 (Figs. 2 & 4). This fact also confirms
the episodic nature of the Cabo Frio upwelling, which
can be activated when winds are favorable, regardless
of the time of year (Miranda 1982, Matsuura 1986,
Campos et al. 2000, Silveira et al. 2000). However, the
results did not corroborate the microbial biomass
inventories for the same period (Figs. 2 & 4). Surface
chl a positive anomalies also occurred in summer and
late spring 2002, with even greater intensity. However,
a lapse of time must be considered when evaluating
benthic community responses to OM input (Graf 1989,
Rudnick 1989).

High zooplanktonic grazing rates owing to phyto-
plankton blooming are thought to exist in the area
(Valentin & Moreira 1978, Kierboe 2003). In this sce-
nario, a consistent planktonic food web develops and a
conspicuous deposition of faecal pellets, rather than
phytoplankton cells, occurs (Lopes et al. 1999, Valentin
& Monteiro-Ribas 1993). In fact, observations made
using an underwater camera during the summer
sampling showed no phytoplankton aggregates (i.e.
marine snow), suggesting that microbial loop might
play an important role in diminishing the deposition of
phytodetritus to the benthos (Kierboe 2003).

Alternatively, since phytodetritus reached the bot-
tom, the competition of microbenthic organisms with
mega- and macrobenthos could favor larger fauna,
which can respond through a rapid uptake, certainly
influencing the initial burial of POC into sediment
deposits (Webb & Montagna 1993, Josefson et al.
2002). There appears to be a delay of a week between
a depositional event of phytodetritus and the microbial
community response (Graf 1989, Pfannkuche 1993,
Soltwedel 1997, Raghukumar et al. 2001, Fontanier et
al. 2003). Considering the surface chl a-positive anom-
alies found during summer 2002, a time lag between
blooming, POC flux and community response would
be expected (Fig. 6). Our findings suggest that phy-
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todetritus may last months in the sediments of Cabo
Frio, probably fueling macrobenthic communities
(Boon et al. 1998). Macrofauna is likely to depend on
the input of fresh algal matter for its growth and repro-
duction (Cristensen & Kanneworff 1985). However,
other taxa may rely on more altered organic material,
such as faecal pellets or OM in varying degrees of
decay (Fontanier et al. 2003). Peaks in microbial bio-
mass were observed in Cabo Frio 4 mo after a major
upwelling event (Fig. 4). These microbial communities
could enrich the quality of OM (Danovaro et al. 1993),
being available as a food source to the benthic fauna
between upwelling events (Fig. 6).
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