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ABSTRACT: Benthic microalgal chlorophyll a and production were measured at 3 sites at Stellwagen
Bank, a cold temperate continental shelf habitat in Massachusetts Bay, USA, during August 1991.
Benthic microalgal chlorophyll a averaged 39.8 mg m-2, vs average integrated phytoplankton chlorophyll a of 25.9 mg m-2. Gross benthic microalgal production, measured by oxygen exchange in clear
and opaque benthic chambers, averaged 20.9 mg C m-2 h-' This production was supported by average
daily light fluxes to the bottom that never exceeded 1% of surface incident radiation and were as low
as 4.7 pE m-2 S-'. These results indicate that benthic microalgal production can be spatially extensive
and quantitatively important in continental shelf ecosystems.
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INTRODUCTION

The biomass and productivity of benthic microalgae have been studied extensively in intertidal and
estuarine habitats (e.g. Cadee & Hegeman 1974, Colijn
& de Jonge 1984, Varela & Penas 1985, Lukatelich &
McComb 1986). Comparatively few studies of benthic
microalgal biomass and production in subtidal waters
have been published, primarily from nearshore temperate and polar habitats (e.g. Matheke & Horner
1974, Sundback & Jonsson 1988, Herndl et al. 1989,
Rivkin & DeLaca 1990), and tropical reef habitats
(e.g. Bunt et al. 1972, Sournia 1976).However, Cahoon
et al. (1990, 1992) and Cahoon & Cooke (1992) showed
that productive benthic microalgae extend across the
continental shelf into shallow slope habitats off North
Carolina, USA, suggesting that benthic microalgae
might be important in offshore habitats as well.
The light extinction properties of continental shelf
waters frequently permit light fluxes 2 1 % of incident
radiation to reach the bottom, which predicts measurable benthic microalgal productivity at those times
0 Inter-Research 1993

and places. However, the photosynthetic capabilities
of benthic microalgae appear to enable them to sustain
measurable production at photosynthetic photon flux
densities (PPFD) approaching the 0.1 % level (Palrnisano et al. 1985, 1987, Rivkin & DeLaca 1990).
Light extinction data (calculated from Secchi depths)
from 17 879 oceanographic stations with total depth
1 2 0 0 m showed that 2 1% of surface incident radiation
would reach the bottom at 2653 of those stations and
20.1 % at an additional 2772 stations (NODC 1987). If
these data are representative, then up to 30% of continental shelf waters may support some benthic microalgal production. However, few field data exist with
which to test this hypothesis properly. Benthic rnicroalgal production measured by Cahoon & Cooke (1992)
was supported by PPFD levels 2 1 % incident in clear,
oligotrophic waters. Palmisano et al. (1985) did not
report production data, and Palmisano et al. (1987)
studied photosynthesis-irradiance relationships in the
laboratory. Both these studies and that of Rivkin &
DeLaca (1990) were conducted in the Antarctic, a
highly seasonal, boreal ecosystem.
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In this study benthic microalgal chlorophyll a (chl a)
and production were measured in a cold temperate
continental shelf ecosystem, Stellwagen Bank, Massachusetts, USA, with high phytoplankton biomass and
PPFD to the bottom < 1% surface incident radiation.

METHODS AND MATERIALS

Stellwagen Bank is a shallow ledge, defined by the
40 m isobath, composed of sand and gravel lying

between Massachusetts Bay and the much larger and
deeper Gulf of Maine (Fig. 1). Waters from Cape Cod
Bay and Massachusetts Bay are carried over Stellwagen Bank by tidal currents and the prevailing
counterclockwise surface circulation in the southern
Gulf of Maine (Yentsch & Garfield 1981). Deep cold
water (<8"C) from the Gulf of Maine is also advected
over the Bank (C. Mayo pers. comm, L. Stewart pers.
comm.), introducing nutrients to the euphotic zone
there as elsewhere in the Gulf of Maine, and stimulating high phytoplankton production (Yentsch & Garfield 1981, Holligan et al. 1984). Macroalgae grew on
the Bank before trawling and dragging eliminated
them (C. Mayo pers. comm.). Macroalgae are reported
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Fig. 1. Location of study sites at Stellwagen Bank, Massachusetts Bay. Depths at Site 1 = 21 m, Site 2 = 28 m , and
S ~ t e3 = 28 m

growing at depths to 50 m elsewhere in New England
waters (Vadas & Steneck 1988). Chlorophyll a concentrations reported for Stellwagen Bank waters are
approximately 1 pg 1 - l (Holligan et al. 1984).
Benthic microalgal production was measured in situ
at 3 sites on Stellwagen Bank in August 1991 (Fig. 1).
Measurement of benthic microalgal production and
associated benthic and near-bottom sampling were
conducted by SCUBA divers. Benthic microalgal production was estimated by measuring changes in dissolved oxygen concentrations inside clear and opaque
benthic chambers placed on the bottom by divers in
the morning and retrieved in the afternoon. Previous
results showed that a 6 to 8 h incubation was sufficient
to yield measurable changes in dissolved oxygen concentrations inside the benthic chambers (Cahoon &
Cooke 1992).
The benthic chambers used in microalgal production
determinations were made of clear plastic domes of
30 cm diameter. These domes transmitted approximately 85% of photosynthetically active radiation
(PAR). Dark chambers were constructed by painting
domes with > 4 coats of flat black latex paint.
A typical microalgal production measurement was
begun by placing 4 clear and 4 opaque chambers alternately on a sand bottom devoid of visible macrophytes.
The domes were placed carefully to avoid disturbance
of the sediment. Whirling cup rotors to stir the domes
(Cahoon 1988) were attached and sealed with silicone sealant. Water samples for dissolved oxygen and
nutrient analyses were withdrawn from each chamber
with 50 m1 plastic syringes after slowly flushing the
syringes 2 to 3 times to stir the chamber contents but
without disturbing the sediments. Results of nutrient
analyses will be reported elsewhere. Temperature ("C)
was measured with a hand-held thermometer at the
beginning of each incubation. Typical incubations
commenced at ca 09:OO h and were ended at ca 16:00 h,
and ranged from 6.25 to 7.75 h. Final sets of dissolved
oxygen and nutrient samples were then taken.
Dissolved oxygen was measured by the Winkler
technique (Strickland & Parsons 1972). All samples
were fixed on the sea bed immediately after withdrawal from the chambers. Winkler analyses were
completed within 12 h.
Net benthic primary production and respiration
were calculated by measuring changes in dissolved
oxygen concentrations in each clear or dark chamber,
respectively, as by Cahoon & Cooke (1992).
Gross benthic production for each field day's
measurements was calculated by summing respiration and net production. Gross production is a better
measure of microalgal growth than net production
because chamber incubation measurements necessarily include the respiratory oxygen consumption of
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sediment-associated heterotrophs and chemical oxygen demand by sediments (Pamatmat 1968).
Sediment samples for analysis of benthic microalgal
pigments were collected concurrently with initial
placement of the chambers. Sets of 9 samples were
taken with a 1 cm diameter hand-held coring tube to a
depth 2 3 cm immediately adjacent to each benthic
chamber. Sediment samples collected in this way were
placed in 15 m1 plastic screw-cap tubes, capped,
returned to the surface, allowed to settle for ca 1 h and
the supernatant water decanted carefully. Sediment
samples were then frozen at -4 "C for later analysis.
Benthic microalgal biomass was estimated as mg
chl a m-' on sets of 5 replicate samples from each dive
site/day according to Whitney & Darley (1979). This
spectrophotometric method employs partitioning of a
90 % acetone pigment extract with hexane to eliminate
interference from degraded pigments that are common
in sediment samples. Comparisons of this method with
the standard fluorometric method (Parsons et al. 1984)
showed that when degraded pigments were not
important the 2 methods gave comparable results, but
that degraded pigments were sometimes important in
sediment samples (Beretich 1992).
Selected sediment samples from each study site
were extracted in 90 % acetone and analyzed by HPLC
for microalgal pigments according to Klein & Sournia
(1987). Pigment peaks were identified by comparison
to chromatograms in Klein & Sournia (1987) and to
chromatograms of cultured microalgae.
Phytoplankton chl a was measured in the same water
samples collected for primary productio measurements
according to the standard fluorometric technique (Parsons et al. 1984).Triplicate 100 m1 samples were filtered
through ashed Gelman A/E glass fiber filters and stored
at 4 "C prior to extraction for 24 h in 90 % acetone and
measurement of fluorescence on a Turner Model 111filter fluorometer fitted with Corning 5-60 excitation and
2-64 emission filters. The fluorometer was calibrated
with chl a extracts from cultured coastal phytoplankton
using the spectrophotometric SCOR-UNESCO method
(Parsons et al. 1984).
Primary production by phytoplankton was measured
concurrently with benthic microalgal production using
the 14C light/dark bottle method (Parsons et al. 1984).
Seawater was collected at the surface, middle, and
bottom of each water column with a Niskin bottle. One
set of 3 clear and 2 opaque (foil-wrapped) 250 rill
bottles was filled with water from each depth,
inoculated with a 14C-labeled bicarbonate solution
(1 to 2 yCi total activity), wrapped in screening to
simulate light fluxes of 60 %, 19 %, and 1.3% of surface
incident radiation (corresponding to light fluxes at
each specific sampling depth, respectively), and
placed in a water-filled deck incubator stirred by the
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ship's motion for a 6 to 8 h period spanning mid-day
concurrent with the benthic chamber incubations.
Radiocarbon uptake was measured and production
calculated as by Cahoon & Cooke (1992). Average
phytoplankton production values from the light treatments corresponding to different depths were multiplied by total depth to calculate total water column
production. Phytoplankton production measured in
this way is probably intermediate between gross and
net production, owing to respiration and excretion of
radiolabeled compounds during the incubations.
Photosynthetic photon flux density (PPFD) to the
bottom was measured during each benthic production
incubation. Two LiCor LI-193s spherical quantum
sensors interfaced with a LiCor LI-1000 DataLogger
were used for these measurements, allowing simultaneous measurement of surface- and bottom-incident
PPFD.

RESULTS

Benthic microalgal chl a exceeded integrated
phytoplankton chl a 6 of 7 times at Stellwagen Bank
(Table 1).Divers observed a brown film on the surface of
the sediments at each study site that made the top 1 to
3 mm of sediment more resistant to mechanical perturbation than the underlying sediment. HPLC analyses of
sediment samples showed the presence of fucoxanthin,
chl c, and chl a , characteristic of diatoms (Fig. 2). The
lack of pigment markers for other taxa, e.g. zeaxanthin
from cyanobacteria, suggested dominance of the benthic microflora by diatoms. Microscopic examination of
surface sediment samples showed that the benthic
microalgae were dominated by pennate diatoms
(> 97 % of total cells), including various Nitzschia spp.,
Navicula spp., and Amphora spp. (Beretich 1992).
Phytoplankton production was quite high at Stellwagen Bank, averaging 240 mg C m-2 h-' or approximately 2.9 g C m-2 d-' assuming a 12 h production day
(Table 2). This production value is probably intermediate between net and gross production, owing to
cellular respiration and excretion of labeled compounds during the incubations. Phytoplankton production was consistently highest at the surface and was
more than an order of magnitude greater at the surface
than at the bottom.
Net benthic production was always negative at the
Stellwagen Bank study sites on both an hourly and
daily basis (Table 3). Respiration values averaged
22.9 k 6.5 mg C m-2 h-', or approximately 550 mg C
m-2 per 24 h day. Gross benthic production averaged
15.9 mg C m-* h-', or approximately 190 mg C m-2 for
a 12 h production day (Table 3). Only one benthic
microalgal gross production value (Site 3, 7 Aug 1991)
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Table 1. Comparison of phytoplankton and benthic microalgal chlorophyll a at study sites at Stellwagen Bank, Massachu
Bay, in August 1991.Data are means f l SD; n = 3 for phytoplankton, n = 5 for benthic microalgae
Site

Date

Depth
(m)

1 Aug 1991

1

Phytoplankton
(mg m - 7
(mg

0
10
?1

0.32f 0.05
1.77 0.11
0.69_+ 0.07

Benthic microalgae
(mg

+

1

2 Aug 1991

0
10
?l

0.444 0.06
3.52f 0.25
0.942 0.08

1

3 Aug 1991

0
10
?l

0.70+ 0.06
1.96+ 0.19
0.61+ 0.06

2

4 Aug 1991

0
15
?7

1.13f 0.20
1.03f 0.11
0.90f 0.10

2

5 Aug 1991

0
15
?7

0.84+ 0.06
0.74f 0.05
0.69f 0.07

3

6 Aug 1991

0
15
?7

0.44f 0.03
1.09k 0.06
0.29f 0.06

3

7 Aug 1991

0
15
27

0.29_+ 0.09
0.66f 0.03
0.39f 0.05
13.3

59.52 19.2
-
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Fig. 2. HPLC chromatogram of sediment pigment extracts from Site 2
at
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(Fig. ~l], 3 Aug~
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Table 2. Primary production by phytoplankton at 3 study sites at Stellwagen
Bank, Massachusetts Bay, in August 1991. Production data are means of 3
replicates
Site

Date

Depth
(m)

Production
(mg C m-3 h-')

1

2 Aug 1991

0
10
21

19.0
10.8
0.85

1

3Aug1991

0
10
21

15.7
9.61
0.77

Integrated production
(mg C m-2 h-')

Benthic microalgal production was supported by ppFD values always less than
1 % of surface incident PPFD (Table 3).
Average integrated PPFD at the bottom
for 5 measurements was 11.3 pm01 m-' S-'
or 0.52% of surface incident radiation.
Measurable production was supported by
average PPFD values as low as 4.7 pm01
m-2 S -1.

DISCUSSION

Comparatively few studies have examined benthic microalgal production in offshore habitats, although many studies have
reported benthic microalgal production in
intertidal and shallow, subtidal, nearshore
2
5 Aug 1991
0
13.6
habitats (e.g. Colijn & de Jonge 1984,Varela
15
9.08
& Penas 1985).Some studies have reported
27
0.74
significant benthic microalgal production
from deeper subtidal habitats but at rela3
6 Aug 1991
0
10.2
tively high bottom-incident PPFD levels
15
6.98
27
0.34
(e.g.Sournia 1976, Cahoon & Cooke 1992).
Although some studies suggest that
benthic microalgae can photosynthesize at
3
7 Aug 1991
0
32.1
15
19.2
PPFDs as low as ca 1 pm01 m-2 S-' (e.g.
27
0.92
Palmisano et al. 1985, 1987, Rivkin &
505
DeLaca 1990), others have shown benthic
microalgal production to be low and light
limited at PPFD levels below 30 pm01
was not statistically different from zero owing to high
m-2 S (Sundback & Jonsson 1988). Consequently the
variance in both net production and respiration values,
results of previous studies did not predict the widespread distribution of productive benthic microflora in
probably because of patchiness at Site 3. Average
continental shelf habitats.
gross benthic production was approximately 6 % of
average integrated phytoplankton production, but an
Net benthic production at Stellwagen Bank was a
accurate comparison of true net production by phytorelatively small fraction (ca 6 %) of total water column
plankton and benthic microalgae would probably yield
production and was consistently negative. However,
a somewhat different value.
phytoplankton production at Stellwagen Bank is
2

4Aug1991

0
15
27

18.2
0
1.02

-'

Table 3. Net benthic production (NETBP), benthic respiration (RESP), and gross benthic production (GROSS) (mg C m-2 h-') at
Stellwagen Bank sites in August 1991. Data are means f 1 SD. Temp. = bottom temperature; Ib= average integrated PPFD
(pmol m-2 S-') at the bottom during benthic incubations; % I , = percent average surface incident PPFD represented by Ib
Date

1 A u 1991
~
2Aug1991
3 A u 1991
~
4 A u 1991
~
5Aug1991
6Aug1991
7Aug1991

Site

Depth
(m)

Temp.
("C)

1
1
1
2
2
3
3

21.3
20.7
21.0
27.7
28.3
28.3
26.8

7.5
7.9
6.5
7.4
6.9
6.0
5.9

aValue not significantly different from 0 by t-test

NETBP

-5.49
-12.7
-16.2
-11.5
-3.46
-5.52
-6.27

f 3.9
f 6.0
f 6.7
f 5.0
f 4.3
f 1.8
f 17.8

RESP

26.8 f 5.4
28.0 f 5.8
30.6 f 7.9
21.7 f 5.2
20.4 f 6.9
11.0 k 0.8
21.8 f 18.6

GROSS

21.3
15.3
14.4
10.2
17.9
16.5
15Sa

Ib

% I.

-

0.53
0.76
0.28
0.61
0.43

11.9
10.8
4.7
17.6
11.7
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comparatively high (ca 2.9 g C m-2 d-l). Typical phytoplankton production rates in the mid-Atlantic Bight
and the Gulf of Maine are ca 0.8 g C m-2 d - ' (Schlitz &
Cohen 1984, Walsh 1988) and ca 1.3 g C m-' d-' in
shallow portions of Georges Bank (Schlitz & Cohen
1984). Sediment respiration rates at Stellwagen Bank
may have been stimulated by high loading of organic
material, particularly via fecal pellets excreted by the
abundant zooplankton population at Stellwagen Bank
(ca 2.9 X 10' animals m-2; L. B. Cahoon et al. unpubl.).
The contribution of benthic microalgal production in
continental shelf habitats with less productive water
column communities may be relatively greater than at
Stellwagen Bank. Net benthic production has been
found to be positive in other coastal habitats (e.g.
Nowicki & Nixon 1985, Anderson et al. 1986, Hofman
et al. 1990, Cahoon h Cooke 1992).
The importance of benthic microalgal production at
Stellwagen Bank derives from the apparent ability of the
distinctly benthic microalgal assemblage there to sustain
significant production at light levels consistently below
1% surface incident PPFD. If this ability is common, benthic microalgae may be widely distributed in continental
shelf habitats. Benthic habitats underlying clearer, less
productive water columns than at Stellwagen Bank may
support relatively higher benthic microalgal production. Benthic microalgal production may therefore be a
significant, if infrequently considered, fraction of total
production in continental shelf ecosystems.
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