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ABSTRACT: The hydrography, water chemistry and plankton communities of Buzzards Bay,
Massachusetts, USA, a temperate estuary (41° N), were studied over 45 cruises (10 October 1987 to
11 September 1990). Surface temperature varied from -2.0 to 27.26°C (n = 360}, but because of shallow
depth (mean = 10 m), strong wind and tidal mixing, the water column was isothermal most of the year.
The only thermal structure was found during the summer, when it was minimal and appeared to be a
diel phenomenon, partly related to solar heating. Secchi disk readings ranged from 0.75 to 9.0 m
(n = 352). Due to shallow depth most of the water column was in the euphotic zone (> 1% of surface
ilumination) for most of the year Exceptions were bay-wide levels of only 60 to 80% of the water
column being euphotic during each of 3 winters, as well as at the sewage outfall of the City of New
Bedford throughout 3 years where regardless of season only 40 to 80% of the water column was
euphotic due to light attenuation by fine particles of sewage sludge. Surface bacterioplankton abun-
dance ranged from 0.30 to 10.92 x 10° cells ml~! (n = 352), and fluctuations generally tracked those of
temperature. The overwhelmingly dominant aspect of the water-column ecology of Buzzards Bay is

high variability due to severe seasonality of physical parameters, particularly temperature.

INTRODUCTION

Estuaries are variable habitats. Their water masses
and populations exhibit natural fluctuations on time
scales ranging from tidal cycle to daily to seasonal to
interannual. Superimposed over this natural variability
are anthropogenic influences that can change both
temporally and spatially. This is particularly true for
estuaries that are partially urbanized. Attempts to
manage such systems can be hampered by lack of
baseline ecological data, and inability to separate
natural from human-induced variability. It is often
difficult to recognize ‘abnormal’ because we do not
appreciate the variability that is 'normal’. Buzzards
Bay, Massachusetts {see Fig. 1), is such an estuary.

Information on the ecology of Buzzards Bay is sur-
prisingly limited. This is despite the fact that studies
in the bay date back almost a century (Peck 1896,
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Sumner et al. 1913, Fish 1925, Lillick 1937). There
have been major studies of benthic communities
(Sanders 1958, 1960, Wieser 1960, Rhoads & Young
1970, Young 1971, Rhoads et al. 1975), as well as
examination of the effects of tidal resuspension on
the water column (Roman 1978, 1980, Roman &
Tenore 1978). However, other studies of pelagic
communities of Buzzards Bay are limited. Aside from
2 mo of samples for phytoplankton at a single station
in Buzzards Bay (Lillick 1937), and Anraku’'s (1964)
survey of adult copepods in relation to the Cape Cod
Canal, the plankton and most other aspects of the
water-column ecology of Buzzards Bay have been
virtually unstudied. Recent publications on plankton
have been specialized, dealing with meroplankton
only (Butman 1989) or benthic resting eggs of a
single species of planktonic copepod (Marcus 1984,
Marcus & Fuller 1989). It seems that the water
column of Buzzards Bay has historically been viewed
from the benthos up rather than from the surface
down.
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There has been a recent resurgence of interest in
Buzzards Bay, partly due to concerns about pollution.
Sediments in New Bedford Harbor contain large
amounts and complex mixtures of toxic compounds
(Pruell et al. 1990), long-term effects of an oil spill
are still apparent {Sanders et al 1980), and 'cultural
eutrophication’ of Buzzards Bay embayments is pro-
ceeding (Valiela & Costa 1988). Buzzards Bay has been
classified by NOAA/EPA (1989) as highly susceptible
to concentrating particulate and dissolved pollutants
due to large overall estuarine volume relative to com-
paratively low volume of freshwater inflow that would
flush the estuary. Although bay-wide nitrogen loading
is relatively low, specific sites such as the New Bedford
sewage outfall exhibit substantial eutrophication
effects (Smayda 1989). Although information on
specific, usually polluted, subsections of the bay con-
tinues to accumulate in reports to regulatory agencies
and student theses, information on such basic para-
meters as inorganic nutrient distributions has lacked
sufficient temporal and spatial coverage to quantify
trends (Stenner et al. 1988), particularly for the open
waters of the bay.

Beginning in October, 1987, with support from the
Massachusetts Department of Environmental Protec-
tion, an extensive study of hydrography, water
chemistry and plankton in Buzzards Bay was begun.
Temperature, salinity, light penetration, nutrients
(ammonium, nitrate, nitrite, orthophosphate, silicate),
chlorophyll a and phaeopigments, bacterioplankton,
phytoplankton, microzooplankton, net-zooplankton,
and ichthyoplankton were synoptically sampled. Data
on hydrography, light penetration and bacterno-
plankton for the first 3 yr (October 1987 to September
1990) are presented here, and Borkman & Turner
(1993; companion article} address nutrients, chloro-
phyll a and phaeopigments for the same period.

METHODS

Stations. Samples were collected at 8 stations
throughout Buzzards Bay (Fig. 1). Three of these
(Stns 4, 5 & 6) were at buoys along the central axis of
the bay at depths of 10 to 15 m. Stn 2 (depth = 8 to
12 m) was at the southwestern end of the Cape Cod
Canal. At this station there are strong tidal currents
(up to 4 knots) which change direction every 6 h. Thus,
hydrographic conditions and plankton populations at
Stn 2 are frequently different from those of the rest of
Buzzards Bay since these water masses originate north
of Cape Cod, which is considered to be a major bio-
geographic boundary (Ekman 1953). In order to com-
plete sampling of the entire bay in 1 d, all stations were
sampled upon arrival irrespective of the state of the

tide. Stns 1 & 3 were in the shallow embayments of
Mattapoisett and Megansett Harbors at depths of 5 to
8 m. Stn 7 (depth = 6 to 8 m) was over the subsurface
outfall of the primary treatment sewage plant of New
Bedford. Stn 8 (depth = 8 m) was in the main channel
of the inner harbor of New Bedford. This harbor is
almost completely enclosed by a stone hurricane dike;
thus circulation is restricted relative to the rest of the
bay (Signell 1987, Geyer & Dragos 1990). All stations
were precisely located by Loran coordinates. Water
column depths at a given station varied with tidal
range, which in Buzzards Bay ranges from approxi-
mately 1.0to 1.5 m.

Sampling. Samples were collected at all 8 stations
on each of 45 cruises between 1 October 1987 and
11 September 1990 (Table 1). All stations were
sampled in a single day on each cruise. Cruises were
monthly except for biweekly cruises in October 1987,
June to October 1988, and June to August 1989.

At each station temperature was measured to the
nearest 0.01°C with a Beckman temperature probe at
1 m intervals over the entire water column. Water
transparency was measured with a 30 cm diameter
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Fig. 1. Locations of sampling stations in Buzzards Bay
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Table 1. Cruise numbers, dates, and Julian days of sampling

Cruise Date Julian day
1 1 Oct 1987 274
2 20 Oct 1987 293
3 24 Nov 1987 328
4 16 Dec 1987 350
5 8 Jan 1988 8
6 2 Feb 1988 33
7 1 Mar 1988 61
8 5 Apr 1988 96
9 3 May 1988 124

10 7 Jun 1988 159
11 21 Jun 1988 173
12 13 Jul 1988 195
13 27 Jul 1988 209
14 10 Aug 1988 222
15 23 Aug 1988 235
16 6 Sep 1988 249
17 20 Sep 1988 263
18 4 Oct 1988 277
19 18 Oct 1988 291
20 8 Nov 1988 312
21 6 Dec 1988 340
22 3 Jan 1989 3
23 7 Feb 1989 38
24 9 Mar 1989 68
25 4 Apr 1989 94
26 2 May 1989 122
27 6 Jun 1989 157
28 27 Jun 1989 178
29 6 Jul 1989 187
30 18 Jul 1989 199
31 1 Aug 1989 213
32 17 Aug 1989 229
33 13 Sep 1989 256
34 11 Oct 1989 284
35 8 Nov 1989 312
36 6 Dec 1989 340
37 3 Jan 1990 3
38 27 Feb 1990 58
39 20 Mar 1990 78
40 3 Apr 1990 93
41 1 May 1990 121
42 26 Jun 1990 177
43 20 Jul 1990 201
44 21 Aug 1990 233
45 11 Sep 1990 254

white Secchi disk, with estimates to the nearest half
meter. Water samples were collected with Niskin
bottles from surface, mid-depth, and near-bottom
depths. These samples were used for synoptic
salinity, nutrient, chlorophyll a and phaeopigment,
phytoplankton, microplankton, and (surface only)
bacterioplankton data. Following each Niskin cast a
vertical zooplankton net tow was made at each
station. Salinity was measured (to the nearest %o)
with a refractometer. Data on temperature, salinity,
light penetration, and bacterioplankton are presented
here.

Light penetration. The 1% isolume depth (i.e.
bottom of the euphotic zone) was calculated from
Secchi disk measurements by:

Isolume depth (m) = In (fractlojr;of light)

where fraction of light is percent of that at the surface
(i.e. 0.01 for 1%), and K (extinction coefficient) =
1.44/Secchi depth (in meters).

Bacterioplankton. Bacterioplankton samples were
collected from the surface only, beginning with
Cruise 2. Aboard ship 18 ml of surface water was
preserved with 2 ml of 12 % 0.2 pm filtered gluteralde-
hyde solution, for a final concentration of 0.6 % gluter-
aldehyde. Samples were kept refrigerated until epi-
fluorescence microscopic analyses, usually within 1 to
2 d after each cruise.

Cells were concentrated by filtration of 5 ml sub-
samples onto 0.2 pm pore black Nucleopore filters,
and stained with DAPI (Porter & Feig 1980). Filters
were sandwiched between coverslips and slides with
non-fluorescing immersion oil. Bacterioplankton cells
were counted at 1000x with oil immersion using on
Olympus BH-2 epifluorescence microscope equipped
with an ocular Whipple disk. At least 400 cells were
counted, giving a counting accuracy of better than
+10% (Guillard 1973). Knowing the dimensions of
each Whipple disk field and the total filtration area
containing cells, it was possible to calculate the
fraction of the total sample that had been counted.
Since samples from Stn 7 (the New Bedford sewage
outfall) always contained large numbers of rods,
whereas elsewhere the bacterioplankton was almost
exclusively composed of small cocci <1 um in diame-
ter, the percentages of total cells that were rods were
counted at Stn 7

We did not separate photosynthetic versus non-
photosynthetic protists (Caron 1983), but obtained
counts of microflagellates in phase-contrast analyses of
phytoplankton samples preserved in Utermohl's
solution (Guillard 1973) that were concentrated by
sedimentation rather than filtration.

RESULTS
Temperature

There was pronounced seasonality of surface tem-
perature (range = -2.0 to 27.26°C, mean = 12.94°C,
n = 360) each of the 3 yr of the study (Fig. 2). Due to
strong wind and tidal mixing, the water column was
usually isothermal with <1°C variation between the
surface and bottom, except during the summer. Even
then, surface warming appeared to be partly a diel
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Fig. 2. Mean bay-wide surface temperatures. Vertical bars
represent ranges at 8 stations on each sampling date (n = 360)

phenomenon, probably due to insolation (see Fig. 3 for
1988 data). Similar patterns occurred in the summers
of 1989 and 1990. The only times having >1.0°C verti-
cal departure in temperature for a given station were
June to August 1988, June to September 1989, and
May to August 1990.

Salinity

Salinity was almost uniformly 30%. throughout the
bay at virtually all times (range = 26 to 31 %o, n = 1080).
The only times when salinities were low were at Stn 8,
in the enclosed inner harbor of New Bedford, imme-
diately after or during heavy rain.

Light penetration

Buzzards Bay water is usually visibly green, so
Secchi disk values were low (range = 0.75 to 9.0 m,
mean = 3.72m, n = 352; no data for Cruise 1). However,
at Stn 7 over the sewage outfall, water color was usu-
ally brown due to fine particles of sludge. Secchi disk
values at this station were 0.75 to 5.0 m, with a mean
of 1.85 m. Excluding Secchi disk data from Stn 7
increases the bay-wide average from 3.72 to 3.99 m.

Despite the low Secchi disk values, since Buzzards
Bay is shallow (mean depth = 10 m), most of the water
column is in the euphotic zone most of the time (Fig. 4).
Exceptions were generally in winter, when most stations
had only 60 to 80% of the water column with >1% of
surface light, or most of the time at Stn 7, when only 40 to
80 % of the water column was euphotic (Fig. 4).

Bacterioplankton

Surface bacterioplankton numbers exhibited a wide
range (0.30 to 10.92 x 10° cells ml~, mean = 2.96 x 10°,
n = 352), with pronounced seasonal fluctuation (Fig. 5).
Numbers were generally high in summer and low in
winter, and although there was generally a direct
relationship between bacterioplankton abundance
and temperature (Fig. 6), the regression was not sig-
nificant. This was, in part, due to high inter-station
variability. Bacterioplankton abundance was generally
higher at Stn 7 (sewage outfall) and Stn 8 (New Bed-
ford inner harbor) than elsewhere.

The bacterioplankton assemblage was almost exclu-
sively comprised of small cocci <1 um in diameter,
except at Stn 7. There, rod-shaped cells >2 um in
length were always abundant, comprising up to 72 %,
and a mean of 30%, of total bacterioplankton cells.
Since such an abundance of rods was not encountered
elsewhere, we suspect that these were fecal coliforms
or other sewage-related bacteria.

Relationships between abundance of bacterioplank-
ton and potentially bacterivorous microflagellates are
of interest. However, these can only be explored for
the first year of sampling since microflagellate counts
are only complete for Cruises 2 to 17. These data reveal
that both bacterioplankton and microflagellates were
most abundant during summer (Fig. 7).

DISCUSSION

The overwhelming aspect of the water-column
ecology of Buzzards Bay is variability. In part this is
due to severe seasonality, but also due to short-term
meteorological or tidal forcing.

The seasonal temperature signal is dramatic, span-
ning nearly 30°C (Fig. 2). Due to strong wind and tidal
mixing (Signell 1987, Geyer & Dragos 1990), the water
column is generally isothermal, as also noted by
Rhoads et al. {1975) and Roman & Tenore (1978).

Insolation is seasonally variable, as would be expec-
ted at 41° N latitude, but due to shallow depths, most of
the water column is in the euphotic zone for most of the
year (Fig. 4). The only exceptions were throughout the
bay in December and January, and throughout the year
over the New Bedford sewage outfall.

Bacterioplankton abundance fluctuated consider-
ably with season, but generally within the order-of-
magnitude range of 10° cells ml~! (Fig. 5). Abundance
was somewhat higher at the more eutrophic New
Bedford Harbor stations (7 & 8), but not dramatically so
(Fig. 5). Rather, the most apparent relationship was
between bacterioplankton abundance and seasonality
of temperature (Figs. 5 & 6). Similar results have been
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Fig. 4. Percentages of the water column in the euphotic zone (> 1% of
surface light level), 20 October 1987 to 11 September 1990 (n = 352)
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obtained in other strongly seasonal estuarine
waters (Wright & Coffin 1983, Coffin & Sharp
1987, Findlay et al. 1991).

Observations that bacterioplankton numbers
fluctuate within the single order of magnitude
of 10% cells ml~! have been made by numerous
workers (Table 2), although few such studies
have sampled over multiple annual cycles
in habitats as seasonally extreme as Buzzards
Bay (>29°C annual temperature range). Con-
sidering the potential of bacteria for explosive
growth, the fact that bacterioplankton abun-
dance fluctuations rarely exceed a factor of
10 might suggest predation or substrate con-
trols on bacterioplankton abundance in the
sea (Pomeroy 1974, Williams 1981, Azam et
al. 1983).

The predators of bacterioplankton that are
most likely of greatest importance are nano-
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1990 (n = 352). The regression coefficient (R) was not
significant at the 99 % confidence level

planktonic protists such as small ciliates and micro-
flagellates (Fenchel 1988, and references therein).
Thus, if predation by microprotists was a significant
control on Buzzards Bay bactenioplankton abun-
dance, we might expect to see inverse relations be-
tween their abundances. This was not the case.
Abundances of microflagellates and bacterioplank-
ton generally paralleled each other (Fig. 7) during
1987-88, with abundances highest in summer and
lowest in winter. Although these microflagellates
undoubtedly included both photosynthetic and hetero-
trophic forms, since some chlorophyll-bearing micro-
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Fig. 7. Mean abundances of surface bacterioplankton (cells x 10° ml™1)
and microflagellates (cells x 10® 11), 20 October 1987 to 20 September

1988 (n = 8 for each point)

flagellates have been shown to ingest bacterioplankton
(Sanders & Porter 1988, Caron et al. 1990, Sanders et al.
1990), this comparison seems reasonable. Although
data on ciliates are still undergoing analyses for the
October 1987 to September 1988 year of sampling
(Cruises 1 to 17), aloricate ciliates, most of which are
potentially bacterivorous, were most abundant in
summer and least abundant in winter (R. W. Pierce
pers. comm.). Thus, high and low values for bacterio-
plankton, their potential predators, and water tempera-
tures paralleled each other.

We do not mean to imply that predation on bacterio-
plankton is unimportant. Indeed, there is considerable
evidence that predation by protists is an important
regulator of bacterioplankton in marine (McManus &
Fuhrman 1988, Sherr et al. 1989) and freshwater
(Sanders et al. 1989) habitats. We simply wish to point
out that predation is likely not the only, or possibly
even primary, controller of bacterioplankton dynamics
in Buzzards Bay. It is possible that in Buzzards Bay and
other temperate estuarine waters, numbers of bacterio-
plankton would be much higher than they already are
during warm periods if abundances and predation
rates by protistan bacteriovores were not also concur-
rently high. Resolution of this question will require si-
multaneous measurements of bacterioplankton growth
and community bacterivory, such as that of Sherr et al.
(1989) from coastal waters of Georgia (USA), but ex-
tended over an annual cycle in a highly seasonal envi-
ronment. To our knowledge, this has not yet been
done.

Nutritional substrate levels might possibly be limit-
ing to bacterioplankton growth, but we doubt that this

is the case in Buzzards Bay. Since most of the
dissolved organic matter that supports bac-

'T: terioplankton originates from phytoplankton,
E relations between bacterioplankton and chloro-
o phyll a levels might indicate close coupling
E between bacterioplankton and substrate
© (Linley et al. 1983, Cole et al. 1988). No clear
° relationships between bacterioplankton and

chlorophyll a levels were found, but this is not
surprising considering the generally high lev-
els of chlorophyll a in Buzzards Bay (Borkman
& Turner 1993).

We wish to make a final point concerning
bacterioplankton fluctuations. Although bac
terioplankton abundance remained gener-
ally within the order of magnitude of
10® cells ml-}, fluctuations over the annual
cycle within this range were considerable.
O’Brien (1985) has warned against con-
sidering environmental data numbers within
the same order of magnitude to be essen-
tially the same. By analogy, the standard

Microflagellates
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Table 2. Bacterioplankton abundance and temperature ranges in marine and estuarine waters

Bacterioplankton
Range (10° celisml™') Mean (10° cells ml™")

0.7-7.0
09-146

0.3-10.9

0.2-76

0.7-20

2.0-16.0
1.0-8.0

1.9-184

1.2-16
08-12
0.5-15.2

0.32-1.28
0.26-2.4

0.21 -2.67

Location Sampling  Temperature
period range (°C)

Massachusetts Annual

estuaries (USA) cycle -1.0-250

Massachusetts

estuaries (USA) ~ Oct-Aug - -1.5-27.0

Buzzards Bay Annual

(USA) cycle -2.0-27.3

Narragansett ~

Bay, RI (USA) -

New England

shelf (USA} - -

Sargasso Sea - _ B

New York shelf

(USA) Sep 6.0 -32.5

New York shelf

(USA) Mar 3.5-14.0

Delaware Annual

estuary (USA) cycle - 1.0-8.0

Chesapeake

Bay, (USA) Mar-Aug _

Virginia

estuary (USA) Aug 24.0-260

North Carolina

estuary (USA) Jun-Dec 12.3-25.9

Georgia estuary

(USA) Aug-Sep 28.0 - 30.0 -

S. California

Bight (USA) May 14.5-15.5

S. California

Bight (USA) Oct 19.5

Limfjord

(Denmark) Mar-Nov 3.0-220

Bilbao coastal

waters (Spain}) Mar-Sep 12.3-19.8

English Channel Jul-Aug _

Bengugla Nov )

upwelling

Source

- Wright & Coffin (1983)

5.6 Wright et al. (1987)

3.0 Present study

2.0 Davis & Sieburth (1984)

1.0 Davis & Sieburth (1984)

0.5 Davis & Sieburth (1984)

1.9 Ferguson & Palumbo (1979)

- Ducklow & Kirchman (1983}
Coffin & Sharp (1987)

- Jonas & Tuttle (1990)

- Ducklow (1982)

6.1 Palumbo & Ferguson (1978)
53(0.9) Sherr et al. (1989)
- Fuhrman et al. (1985)
- Fuhrman et al. (1985)

6.3 Andersen & Sorensen (1986)

- Iriberri et al. (1987)
1.3 Linley et al. (1983)

- Linley et al. (1983)

of living of a human family is dramatically different
depending on whether annual income is at the
high or low end of 10* dollars (or pounds, marks,
etc.). Whether such differences in bacterioplank-
ton abundance are similarly meaningtul is as yet
unclear.

Buzzards Bay is a highly variable estuary with pro-
nounced short-term physical forcing super-imposed
over severe seasonality. The fluctuations of hydrogra-
phy and bacterioplankton presented here are
matched by those of nutrients and phytoplankton
pigments discussed in Borkman & Turner {1993). Any
attempt to understand or manage temperate estuar-
ies such as Buzzards Bay requires appreciation of the
intense variability of such systems.
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