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ABSTRACT

This study focused on the relationships of phyvtoplankton and micro-
heterotrophs to the development and maintenance of anoxia in the mesohaline
region of Chesapeake Bay. A series of 14 cruises were made from February to
October, 1985, on which water quality, nutrient concentrations, phyto-
plankton production, and microheterotroph production and metabolism were
assessed.

Phytoplankton production from February to May generates a quantity of
organic matter more than adequate to cause oxygen decline in mid-Bay deep
waters. The development of the summer maximum in phytoplankton productivity
appears to depend upon the regeneration of nutrients from phytoplankton
carbon produced in the spring which sinks into deep water and 1s remlnera-
lized by bacteria. These nutrients are recycled into the euphotic zone via
vertical mixing and oscillations of the pycnocline.

Bacterial biomass, production, and metabolism are tightly coupled to
phytoplankton production during the spring and summer. Phytodetritus is the
source of carbom fueling bacterial oxygen consumption in deep waters. A
relationship for predicting oxygen consumption rates from bacterial abun-
dance estimates has been developed. Water column oxygen consumption by
microheterotrophs is a major contributor to the development of anoxia during
the spring and early summer. Microbial sulfur cycling then becowmes an
important mechanism for maintaining anoxia. The potential for the estab-

lishment of anoxia is greatest in the northern regions of the mesohaline



Chesapeake Bay. However, phytoplankton and bacterial parameters exhibit
greater varilation over shorter distances 1n an east to west direction.
Comparisons of biological wmeasurements made in the summer of 1984, a
high flow year in which anoxia was widespread, with measurements made in
1985, a low flow vear in which anoxia was limited and of short duration,
suggest that fundamental changes have occurred in the ecosystem of mid-
Chesapeake Bay such that a significant portion of primaryv production is
channeled into bacterial production. Thus, the severity of anoxic condi-
tions depends upon climatic differences regulating freshwater flow, pycno-
cline tilting, and wind mixing rather than upon changes in biological

parameters.
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SECTION 1

INTRODUCTION

GENERAL CONSIDERATIONS

The Environmental Protection Agency’s Chesapeake Bay Program (CBP) iden-
tified oxygen depletion as a major factor contributing to a general decline
in water quality and in the capacity of the Bay to support fishery resources.
Results of the CBP suggest that seasonal oxygen depletion during spring-
summer occurs over the mid-Chesapeake Bay as a consequence of vertical stra-
tification and high rates of heterotrophic metabolism in bottom water and the
benthos. It 1s generally believed that increased nutrient loading from point
and nonpoint sources (D“Elia 1982; Taft 1982) has stimulated a set of
ecological interactions which have to an interannual increase in the area and
volume of water which is depleted in oxygen (Heinle et al. 1980; Taft et al.
1980; Officer et al. 1984). This set of ecological interactions can be
summarized as follows:

1) the photosynthetic production of organic matter by phytoplankton has
increased in response to higher nutrient inputs;

2) a significant fraction of this production ultimately accumulates
below the pycnocline and below the euphotic zone, especially in the main
channel of the Chesapeake Bay between the Chesapeake Bay Bridge and south of
the Potomac River;

3) this increase in the supply of organic matter, of phytoplankton

origin, stimulates the metabolism of heterotrophic organisms in bottom water



and the benthos; and

4) the associated increase in oxygen demand reduces dissolved oxygen
levels, which depend on depth and the degree of vertical stratification of
the water column.

Annual phytoplankton production has apparently increased in response to
higher nutrient supply, a response that also appears to be related more to
nitrogen than to phosphorus supply (Boynton et al. 1982). However, several
important gaps exist in our understanding of how phytoplankton production is
related to seasonal oxygen depletion. These gaps, which are basic to the
development of water quality models, include:

| 1) a lack of understanding of the extent to which time- and space-
dependent variations in phytoplankton production of the surface laver,
organic input to bottom water, and oxygen depletion are related on scales of
days-months and meters-kilometers,

2) how the importance of heterotrophic microorganisms as consumers of
organic matter and oxygen vary over similar time and space scales, and

3) the influence of these relationships and environmental factors on
the temporal and spatial extent of the oxygen depletion zone.

Relationships among phytoplankton production, accumulations of phyto-
plankton biomass in deep water,and bacterial production and respiration are
of particular importance since the key parameter of oxygen depletion is a
shift from phytoplankton-metazoan food webs (low oxygen demand per unit of
organic matter metabolized) to phytoplankton-bacterial food webs (high oxygen
demand per unit of organic matter metabolized). Naturally-occurring popula-

tions of marine bacteria were traditionally understood to be small (1007 s-



1000°s per ml) and the main role of the bacteria was thought to be as decom-
posers of particulate organic detritus (POC) in sediment (Steele 1974).
However, in the last ten years, as a result of several key technological
advances, our understanding of the biomass, functioning and roles of marine
bacterioplankton has undergone something of a revolution (Hobbie et al. 1977;
Fuhrman and Azam 1980; Williams 1981; Azam et al. 1983; Ducklow 1983). It is
now generally understood that bacteria constitute a sizable and dynamic pool
of living carbon in marine plankton systems. This 1s especially true in
estuarine systems, where primary production and inputs of allochthonous
organic matter and inorganic nutrients are high, and where shallow depths,
strong stratification and the two-layered estuarine circulation enhance
regenerative functions (Ducklow 1982; Wright and Coffin 1984). Bacterio-
plankton are efficient producers of organic carbon whose production rates
commonly range from 10 to 302 of daily photosynthetic production. Thus, in
considering the production and fate of POC in marine systems, it is now
important to include synoptic studies of the magnitudes and spatial/temporal
variability of bacterioplankton biomass, production, and metabolic activity.
Because few such studies have been performed, we have only a sketchy
understanding of the interrelationships among physical forcings, nutrient
inputs, primary production, and bacterioplankton secondary production. A
system like the Chesapeake Bay, in which primary production is very high, and
in which nutrient inputs occur on several scales, presents a useful arena in
which to evaluate these interconnections. Furthermore, it 1is our contention
that the knowledge gained is of key significance in understanding the basic
physical and biological processes generating and maintaining anoxia in the

Bay.



Given that the key biological parameter of oxygen depletion is the
consumption of organic material (e.g. phytoplankton carbon) by bacteria,
there are two major microbiological processes which contribute to anoxia in
Chesapeake Bay. One of these, sulfur cycling, is described by equations 1
and 2.

2(CH,0] + SOF7 ------ > 527 4 20, + 2H,0 (eq. 1)

27 + 20, ------ > 50} (eq. 2)

Equation 1 depicts the mineralization of organic carbon, [CH20], by sulfate-
reducing bacteria, obligately anaerobic microorganisms which use sulfate as
an‘oxidant. The important product of this process is sulfide which is found
in the anoxic portion of the water column of the mid-Bay during summer
stratification. Oxygen consumption by sulfide (eq. 2) occurs abiologically,
but can be microbiologically mediated by sulfur-oxidizing bacteria. The
potential for carbon mineralization coupled to microbial sulfate reduction
and, thus, sulfide generation and subsequent oxygen consumption is very high
in marine and estuarine environments. In mid-Chesapeake Bay deep water and
sediments (ca. 15 mM sulfate and 0.3 mM oxygen at saturation), sulfate would
have about 100 times the oxidation capacity of oxygen at saturation.
Although sulfur cycling was not a topic of investigation in the Sea Grant/EPA
study reported herein, its relationship to our results will be discussed
briefly in a later section of this report.

The second key microbiological process contributing to anoxia is
depicted in equation 3.

[cH,0] + 0 ———-- > €0, + H,0 (eq. 3)

This process, in which oxygen is consumed directly during the mineralization



of organic matter by microheterotrophs, has been the focus of the microbio-

logical portion of our 1984-85 studies.

THE 1984 STUDY

In 1984 we investigated phytoplankton-bacterial interactions and dis-
tributions in time and space in the mid-Bay region during mid summer-fall
when phytoplankton production and microheterotroph activity were at or near
their seasonal peaks and when vertical gradients of physical and chemical
properties were maximal. The spatial area covered by our 1984 study was
bounded by the east and west shores of the Bay and extended about 25 km in a
north-south direction centered on the mouth of the Choptank River. The
emphasis of our work in 1984 was on event scale.variability and on the
significance of lateral variation on nutrient-phytoplankton-bacteria-oxygen
relationships in the Bay during summer under high flow conditions. Speci-

__fically, we addressed the following problems:

1) 1Is phytoplankton production an important source of organic matter to
bottom water under summer conditions?

2) How important is phytoplankton production over the shallow flanks of
the main channel relative to local production in the channel per se as a
source of organic matter.to bottom water under summer conditions?

3) Are heterotrophic microorganisms in the water column important
consumers of organic matter and dissolved oxygen and how does their impor-
tance vary in relationship to variations in phytoplankton production, organic
input to bottom water, and dissolved oxygen?

4) How do variations im vertical water column stratification (mixing)

influence these relationships?



Objective 3 included obtaining preliminary answers to these questions:

1) What are the levels of bacterial abundance/biomass and how do these
vary vertically and horizontally over various time scales?

2) Does this variability correspond to variations in the distributions
of temperature, salinity, chlorophyll, and nutrients?

3) What is the magnitude of bacterial production relative to primary
production, and how does this vary?

4) Do bacterial abundance and production covary with other estimates of
microheterotrophic processes (amino acid uptake and respiration and oxygen
utilization)?

5) From the answers to these questions, what can we conclude regarding
a) the mechanisms regulating variability in bacterial biomass and b) the
significance of bacterioplankton metabolism in maintaining anoxia?

The major findings of our 1984 effort have been discussed in detail by

Tuttle et al. (1985). Thése findings were as follows: 7~

1) Variations in the dissolved oxygen content of mid-Chesapeake ﬁay
bottom water were much greater than expected on the basis of vertical stra-
tification arguments. Several east to west and west to east tilts of the
halocline were observed between_l July and 2 November. The mean cross-Bay
tilt of the halocline was up to the west, resulting in the presence of
nutrient-rich, oxygen-depleted water at shallower depths along the western
shore than along the eastern shore. Halocline tilting events were associated
in the summer with the intrusion of anoxic water and hydrogen sulfide into
shallow waters of the western flank.

2) Low dissolved oxygen bottom water was not restricted to the well-

stratified summer months. Oxygen depletion was also observed during October



due to restratification following vertical mixing events in September.

3) Variations in the particulate organic content of bottom water were
largely due to inputs of phytoplankton biomass and phytodetritus. The extent
and persistence of anoxia and low dissolved oxygen levels below the halocline
during summer probably depends upon this input.

4) The heterotrophic bacterial response to reoxygenation of bottom
water was rapid, with high rates of oxygen consumption even at low oxygen
tension. The rapidity of this response likely contributes to the maintenance
of low dissolved oxygen under summer conditions.

5) Phytoplankton productivity did not appear to be nutrient limited,
although transient phosphorus limitation might have occurred. N:P ratios
indicated that P would have been depleted before N, contrary to past obser-
vations which indicate that N is most likely to be limiting during summer.

6) _Lateral variations normal to the main axis of the Bay were large and
dominated the nutrient-phytoplankton-oxygen dynamics under stratified summer
conditions. Thus, seasonal patterns of variation in phytoplankton
productivity based on measurements over the channel down the main axis of the
Bay are probably not representative of most of the Bay“s area.

7) Microheterotrophs were present at the highest sustained cell densi-
ties so far observed in a marine environment throughout the study period,
especially during summer stratification and following restratification of the
Bay in October. Bacterial biomass appeared to be most closely coupled to
chlorophyll concentrations during stratification events.

8) Bacterial production and metabolic activity were indicative of the

large bacterial biomass. Thus, the bacterial population remained highly



active throughout the study period.

9) Variations in bacterial biomass, production, and metabolic activity
were related to chlorophyll, particularly below the euphotic zone. This
supports our hypothesis that phytoplankton or phytodetritus provide the major
source of organic carbon for bacterial growth and respiration in the water
column during summer and fall.

10) For a portion of the study period, especially during partial fall
stratification, microheterotrophs were the dominant organisms causing oxygen
depletion in the mid-Bay. Based upon direct measurement of oxygen consump-
tion, estimates of oxvgen consumption from heterotrophic bacterial produc-
tion, and net rates of oxygen consumption calculated during the restratifi-
cation events, water column oxygen consumption over the late summer and fall

at least equals the contribution of sediment oxygen demand.

THE 1985 STUDY

In 1984 we found few differences in physical, chemical, and biological
parameters within the north-south boundaries of the study area. Accordingly,
we extended spatial coverage by moving the northern-most of three lateral
transects to just south of the Chesapeake Bay Bridge at Annapolis and the
southern-most of the transects to just north of tﬂe mouth of the Patuxent
River. The locations of these transects are shown in Figure 1. In addition,
we added several deep channel stations between the transects. These changes
provided north to south coverage of about 80 km and afforded us the
opportunity to follow the development of low oxygen conditions in the north-
south direction. The cross-Bay transect off the mouth of the Choptank was

retained for the purpose of comparisons between 1984 and 1985. Assessment of
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Figure 1. Site map of Chesapeake Bay illustrating tramsect (Tl, T2, T3)
locations (---) and additional deep channel stations (®) occupied
during the 1985 study.



cross-Bay variability was enhanced in that stations at all three transects
were occupied on every cruise.

Due to funding limitations, however, the frequency of cruises had to be
limited in 1985. Whereas our 1984 work emphasized event scale variability
(many of the cruises were spaced 3-4 days apart), our 1985 study focused on
seasonal variations over the period February to October. We placed parti-
cular emphasis on the late spring (15 May-19 June) by making five of our 14
cruises during the time period at which we expected summer conditions to
become established.

The same parameters measured in 1984 were also determined in 1985.
However, on many of the cruises we added measurements of BOD-5 and bacterial
glucose metabolism in an effort to increase our understanding of the rela-
tionship of carbon flow from phytoplankton to microheterotrophs which results

in oxygen consumption. This report also contains a comparison of 1984-1985

during summer conditions. In this comparison we emphasize interactions among
freshwater flow, vertical stability, phytoplankton production, bacterial

production and metabolism, oxygen consumption, and dissolved oxygen regime.
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SECTION 2

CONCLUSIONS

1. Phytoplankton production during February - May generates a quantity
of organic matter more than adequate to cause oxygen decline which occurs
annually during the spring in mid-Bay deep waters.

2. The development of the summer maximum in phytoplankton productivity
in the mesohaline region of Chesapeake Bay seems to depend upon the regenera-
tion of nutrients based upon phytoplankton carbon produced in the spring
which sinks into the deep water and is remineralized by bacteria. These
nutrients are recycled into the euphotic zone as a consequence of vertical

mixing and oscillations of the pycnocline. This is contrary to the hypo-

— —— ——————

thesis that there is an interannual carry over of phytodetritus which fuels
oxygen depletion in the Bay (Taft et al. 1980).

3. Phytoplankton growth rates in 1984 and 1985 were not limited by
either N or P on a seasonal time scale. This is somewhat surprising since
1985 was a low flow year which should mean that inputs of new nutrients to
the Bay were lower than in high flow years such as 1984. 1If this is the
case, substantial reductions in nutrient inputs will be required to signifi-
cantly decrease phytoplankton production in the Bay.

4. Phytoplankton biomass during summer 1985 was greatly decreased
compared to 1984 even though phytoplankton production was similar in both
years. This suggests that phytoplankton production was more closely coupled

with zooplankton grazing in 1985 than in 1984.
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5. Bacterial biomass, production, and metabolism are tightly coupled to
phytoplankton production in the Bay, especially during summer conditions.
Phytodetritus 1s the source of carbon fueling bacterial oxygen consumption in
Bay deep waters.

6. Carbon utilizable by bacteria, measured as biochemical oxygen
demand, shifts abruptly from POC to DOC in the late spring, particularly
below the euphotic zone. This condition persists throughout the summer and
supports our contention that spring phytoplankton production can support
summer bacterial metabolism, nutrient regeneration, and oxygen consumption in
Bay deep waters.

7. Carbohydrates rather than amino acids may be the preferred source of
carbon and energy for bacterial metabolism and production.

8. Despite a significant reduction in phytoplankton biomass in summer
1985 compared to summer 1984, bacterial biomass and amino acid metabolism
were similar both years under summer conditions and bacterial production in
1985 was higher. This and the fact the summer mean oxygen consumption rates
below the euphotic zone were nearly identical in 1984 and 1985 indicate that
increased reoxygenation of the deep water in 1985, not decreased bacterial
activity, was responsible for the lack of widespread anoxia.

9. Very high bacterial standing crops were found during the summer in
both years despite great differences in climatic conditions and water column
stability. This suggests that fundamental changes have occurred in the
ecosystem of mesohaline Chesapeake Bay over the years such that a significant
portion of primary production is channeled into bacterial production.

10. The potential for the establishment of anoxia tends to be greatest

12



in the northern regions of the mesohaline Chesapeake Bay. This conclusion is
supported by the findings of greater bacterial biomass and production as well
as greater BOD near the Chesapeake Bay Bridge than near the mouth of the
Patuxent River,

11. Biological parameters exhibit greater variation in an east to west
than in a north to south direction. This implies that concentrating
monitoring or research efforts in the mesohaline portion of the Bay over wide
areas from north to south is unnecessary other than for the purpose of
delineating the extent of anoxia in any given year.

12. Water column oxygen consumption by microheterotrophs is a major
contributor to the development of anoxia, particularly during the spring and
the early summer. Later in the summer, sulfur cycling becomes an important

mechanism for maintaining anoxia.

13



SECTION 3

RECOMMENDATIONS

FURTHER RESEARCH

Our 1984 investigations focused on event scale variability with cruises
spaced at 3 to 4-day intervals during the period of summer conditions. In
contrast, the 1985 study emphasized seasonal differences. While the greatly
different anoxic regimes which existed in 1984 and 1985 were fortuitous for
comparing vear to vear variability, two subvmer seasons ¢f rescarch (our 1934
summer work lasted less than one month) are insufficient to fully understand
the dynamics of oxygen depletion. We conclude that additional crucial
information could be obtained from a spring-summer study in which measure-
ments are made at or near the time intervals of the 1984 investigation.

Additional data are also needed to quantitatively assess the contribu-
tion of benthic and pelagic processes to oxygen depletion on both seasonal
and event scales. So far there has not been close enough coordination of
benthic and water column studies with relevance to the dynamics of the
establishment and maintenance of anoxia. It would be particularly useful to
be able to relate benthic and water column oxygen consump;ion and bacterial
activity with phytoplankton dynamics and carbon flow over short time
intervals.

Our research has demonstrated that a tight coupling exists between
phytoplankton and heterotrophic bacteria (and, thus, oxygen consumption) in

the mid-Chesapeake Bay. However, a major question which remains is whether

14



the tributaries significantly infiuence mainstem water quality, whether the
mainstem affects the tributaries, or whether the two act independently. It
1s also not known whether the trophic state of the tributaries is similar to
that of the mesohaline mainstem. The answer to this question is crucial to
the effective apportionment of limited resources between tributary and
mainstem restoration efforts. One approach to this question would be to
compare water quality characteristics, phytoplankton/bacterial coupling, and
sulfur cycling in one or more of the tributaries emptying into the mid-Bay
with the adjacent mainstem.

The results of our work suggest that there has been a maior shift in the
food web structure of the Chesapeake Bay ecosystem. During spring and
summer, phytoplankton production is consumed to a significant degree not by
grazers or filter feeders but rather by free-living bacteria in the water
column, Several factors, including nutrient enrichment, might‘bc responsible
for such a shift. However, a key one could be the decline in populations of
filter feeding benthic animals such as oysters and clams caused by exposure
to hypoxic or anoxic waters, other detrimental water quality conditions,
disease, and over harvesting. For example, estimates suggest that the Bay’s
oyster population may now be four million bushels or less compared to 80
million bushes in 1985 (Schneider 1987). Thus, a major removal mechanism for
phytoplankton biomass has been nearly eliminated from large ares of the Bay.
If it can be demonstrated through additional research that increased bivalve
populations could play an important role in removing phytoplankton and, by
removing this organic carbon source, decrease bacterial bilomass and oxygen

consumption, the result could lead to major savings in the cost of restoring
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BPay water quality as well as revitalizing the shellfish industry.
MAKAGEMENT

Our findings impact the design of monitoring regimes to evaluate the
inf luence of abatement procedures on the health of the Bay in general! and on
anoxia In particular. During the summer, biological parameters are
surprisingly consistent over the 80 xm north to south boundaries of the 1985
study area. We conclude that monitoring efforts, at least during the summer
period, could be restricted to very few sampling stations with emphasis
placed on event scale changes and east to west variability. The latter is
pgrticularly important with regard to assessment of phytoplankton production.

Secondly, we have demonstrated that a key feature of summer conditions
in the mesohaline portion of Chesapeake Bay is the establishment of large
standing crops of bacteria. We have further shown that the magnitude of
bacterial abundance can be used to predict oxygen consumption. Therefore, we
recommend that measurerents of bacterial abundance be inciuded 1n the Bay
monitoring program. Data gained from these measurements will not only permit
a rapid and technically simple determination of oxygen consumption rates but
will also provide an indicator of Bay health, i.e. decreasing bacterial
abundances over the summer should be indicative of improved water quality in

the Bay and a desirable change in the Bay ecosystem.
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SECTIOH 4

MATERTALS, METHODS AND EXPERIMENTAL PROCEDURES

CRUISE SCHEDULE AND STATION DESCRIPTIOQNS

Sixteen stations were occupied during the course of the 1985 Maryland
Sea Grant/EPA study. Transect ! consisted of three stations extending from
west to east just south of the Bay Bridge (Table 1, Fig. 1). Transects 2 and
3 consisted of five stations each extending west to east from Dares Beach to
Hills Point and just north of the mouth of the Patuxent RIver, respectively.
Three additional stations were occupied along the deep channel and formed
with stations SG3, SG24, and SG32 a six-station deep channel transect in a
north-south direction. The correspondence of 1985 stations with stations
occupied during our 1984 EPA stugy is indicated in Table 1. A total of
fourteen two-day cruises were conducted between 02~12-85 and 10-11-8S

(Table 2). Either the RV Orion, 52-ft. overall, or the RV Aquarius, 68-ft.

overall, was used for each of the cruises,

SAMPLE COLLECTION

Water samples were collected with a submersible well pump connected to a
hose which was lowered to the desired sampling depth. No detectable
differences in physical or biological parameters could be detected when pump

supplied water was compared to in situ measurements or to water collected in

submersible sample bottles. This pump system is the standard water collec-

tion procedure about the UMCEES research fleet. Use of the pump system
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Table l. Station locations for 1985 Sea Grant/EPA Chesapeake Bay study.

Corresponding 1984 station numbers in parentheses.

Station Transect # Latitude Longitude Description
SGl (CPl) 2 38° 33.50°N 76° 29.60°W Dares Beach
SG2 (CP2) 2 38° 33.52°N 76° 27.50°W

SG3 (CP3) 2 38° 33.57°N 76° 26 .34°W

SG4 (CP4&) 2 38°% 33.54°N 76° 22.50°W

SG5 (CP5) 2 38° 33.52°N 76° 20.50°W Hills Point
SCZI 3 38° 19.78°N 76° 24.21°wW Patuxent River
5G22 3 38° 19.94°N 76° 21.64°W

SG23 3 38° 20.20°N 76° 20.20°W

SG24 3 38° 20.60°N 76° 18.37°W

SG25 3 38° 20.92°N 76° 17.86°W Barren Island
SG26 (CP7) - 38° 28.45°N 76° 23.25°W

SG27 (CP13) - 38° 41.00°N 769 25.50°W

5G28 - 38° 50.07°N 76° 24.20°W

SG31 1 38° 59.25°N 76° 23.80°W Bay Bridge
SG32 1 38° 58.85°N 76° 21.89°W

SG33 1 38° 58.69°N 76° 21.20°W Bay Bridge
SG24B* 3 38° 20.67°N 76° 18.40°W

SG25B* 3 38° 20.90°N 76° 17.85°w

*Stations replaced SG24 and SG25 on some cruises.
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Table 2.

study.

Cruise dates and descriptions for Sea Grant/EPA Chesapeake Bay

Cruise Number Funding Agency Date Stations Occupied
SGB1 NOAA 02-12&813-85 all

SGB2 NOAA 03-21&22-85 all+8G3&24 repeated
SGB3 NOAA 04-16417-85 all+SG3&24 repeated
SGB4 NOAA 04-29430-85 all+SG3&24 repeated
SGB5S NOAA 05-16617-85 all+5G3&24 repeated
SGB6 NOAA 05-23524-85 all+SG3&24 repeated
SGB7 NOAA 05-28829~-85 all+SG3&24 repeated
SGB8 NOAA 06-06&07-85 all+SG3&24 repeated
SGBY NOAA 06-19520-85 all+SG3&24 repeated
SGB10 NOAA 07-11512-85 all+SG3&24 repeated
SGB11 EPA 07-19820-85 all+5G34624 repeated
SGB12 EPA 08-15&16-85 all+SG3&424 repeated
SGB13 EPA 09-11&12-85 all+SG3 repeated
SGBl4 EPA 10-10&11-85 all+SG3&24 repeated
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greatly increased the speed of sampling coopared to bottle sampling methods
so that more discrete samples could be taken. Thus, vertical water column
profiles could be described in greater detail than otherwise possible. In
addition, physical water quality parameters could be analvzed in real time so
that samples for nutrients and biological reasurements were taken from the
most appropriate depths. As the water from a sumpled depth was pumped aboard
1t was either collected directly into sample containers or in polypropvlene

buckets from which samples were taken.

DETERMINATION OF PARAMETERS

Physical Water OQuality Parameters

Water depth was determined with an onboard sonar-type depth finder and
was confirmed by hydrographic wire depth. Seccchi disk depth was determined
with a 12-inch diameter black and white, weighted disk attached to a line
calibrated at 10 cm intervals. Temperature and dissolved oxygen were deter-
mined using a YSI Model 57 (Yellow Springs Instrument Co.) digital dissolved
oxygen meter and salinity with a YSI Model 33 salinity mecter. The dissolved
oxygen and salinity probes were usually submerged in containers through which
the pump Bay water circulated. At selected depths at certain stations,
dissolved oxygen concentrations were also determined by the CBI microwinkler
method (Carpenter 1965).

Particulate Organic Carbon (POC), Nitrogen (PON),
and Nutrient Determinations

Particulate organic carbon and nitrogen were measured by combustion.
Fifty to 100 ml of sample were filtered through pre-combusted GF/F glass
fiber filters and frozen. Upon returning to the laboratory, the filters were

thawed and analyzed with a Perkin-Elmer Model 240B elemental analyzer.
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Filtrates were collected and frozen for wmeasurements of dissolved
inorganic nutrients (phosphate, nitrate, nitrite, ammonium). MNutrient con-
centrations were determined colormetrically using a Technicon autocanalyzer
and standard procedures.

Phytoplankton Pizments and Cell Densities

Chlorophyll a and phacopigzent concentrations were measured by
fluorometry. Fifty to 100 ml of sample were filtered through CF/F glass
fiber filters and frozen. Upon returning to the laboratory, the filters were
thawed, and pigments were extracted by grinding the fi1lters in 90% acetone.
Fluorescence of the extracts was measured before and after acidification with
10% HC! using a Turner Designs fluorometer.

Phytoplankton cell densities were determined by the inverted microscope
technique. Samples were preserved with Lugol”s solution and returned to the
laboratory for enumeration with an inverted microscope after concentrating
cells by settling for at least 48 hours.

Photosynthetic Production

The photosynthetic production of organic matter by phytoplankton was

Lac technique at stations 1, 3, and 5 of transecr 2. Primary

14

measured by the
productivity was calculated from "7C assimilation during 24-h incubations
under natural light conditions. Samples were inoculated with 5 uCi of
NaH14C03 and incubated at surface water temperature under light levels of
100%, 50%, 22%, and 5% of incident radiation. Incubations were terminated by
filtration through a GF/F glass fiber filter. Filters were fumed over HCI,

placed in scintillation vials with 10 m] of Ready-Solv and counted with a

Packard Tri-Carb Model 461C liquid scintillation spectrometer. Productivity
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was calculated for each light level (mg C m d™l. Given the shallow depth

of the euphotic zone, PP-Irradiance curves (PP vs. % light) were determined
using a surface sample only. Integrated euphotic zone production was
estimated from vertical Chl profiles, % light depths and PP/Chl (from the PP-

Irradiance curves).

Microbial Metaboliso and Secondarv Production
Dual Label Technique

Matural rates of microbial amino acid and glucose metabolism were
determined using modifications of the methods suggested by Williams and Askew
(1968) and Williams et al. (1976). A mixture of 15 carbon-14 radio-labeled
amino acids (1CM Corp., product #10147), an algal pretcin surrogate, and
tritiated glucose (ICN Corp., product #27020) were uscd. Bacterial
production was determined using modifications of the method suggestced by
Fuhrman and Azam (1980, 1982). Tritiated methyl-thymidine (ICN Corp.,
product #24060) was used in this case. Amino acid metabolism and bacterial
productions were determined simultaneously (as were amino acid metabolism and
glucose metabolism) using a dual label technique in which both substrates
were added to the individual samples.

The incubation containers for this determination were acid washed, all
polyethylene/polypropylene 10 ml syringes (Aldrich Chemical Co.) fitted with
gas-tight caps. The syringes were filled from a bucket which was continually
flushed with the pumped Bay water from the sampled depth. They were then

capped and transferred to a dark incubation box in which the in situ

temperature was malntained. Four syringes were filled with 10 ml of water
from each sampled depth. Metabolic activity in one of the four syringes was

stopped by addition of 100 ul of 1.2N H,S0,. This was the abiotic control.
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The remaining svringes were used for triplicate live incubations.
Each of the 10-ml samples was inoculated with 56.2 nanograms (nominally)

1[‘C anino acid mixture, and 5 picomoles of 3H—glucose or 50 picomoles

of the
(nominally) of 3y methyl-thymidine, and then incubated in the dark for
exactly 30 min. The samples were then filtered (0.2 um pore size membrane)
and rinsed with 4 nl of 5% ice cold TCA (trichloroacetic acid). FEach

rembrane filter was then placed in a Filmware bag (MNalge Co.); 5 ml of

Scintiverse (Fisher Chemical Co.) was added, and the bag heat sealed.

L4 3

Liquid scintillation spectrometry was used to quantitate the C and “H
simultancously in each of the samples. Packard Model %430 or 4530 Scintil-
lation counters set for SH/14C dual label counting were uscd for this quan-
titation. The turnover rates for the in situ amino acid and glucose pools

lac or 3H. Bacterioplankton

were calculated from the assimilation rates for
production was calculated from the amount of TCA insoluble, particle-asso-

ciated 3H thymidine.

Microbial Production - Sinzle Label Technique

3

H-thymidine incorporation was also measured according to the method
described by Ducklow (1982). The concentration of added thymidine was 5 nM.
This method differed from the dual label technique in the following ways:
only 3y thymidine was added to duplicate samples and 30 ml samples were
inéubqted in plastic bottles containing an air phase. Thus, these experi-
ments were done at air saturation whereas the dual label experiments in which
the sample syringes were completely filled to exclude air were done at
ambient D.0. Comparison of results obtained by both methods was intended to
determine whether possible low measured incorporation rates at low ambient

D.0. were due to oxygen deprivation. Comparison of results at high ambient
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D.0. served as an intercalibrat:ion control. Preliminary experiments indi-
cated that the use of dual labels had no appreciable effect upon 3H—thymidine
incorporation rates.

Bacterial Biomass

Bacterial concentration was estimated by direct mlcruscopic observation
of acridine orange-stained bacteria under epifluorescent illumination (llobbie
et al. 1977). Ten williliter, raw water samples were collected, placed in
particle-free screw-capped glass tubes, and preserved with 0.75 ml of
particle-free 37% formaldehyde. These samples were held at 4°C until
eaneraLed. The enumeration technique was essentialiy that of hobbie et al.
(1977). One milliliter Bay water samples were mixed with 1.0 ml of particle-
free Bay water 1in particle-free vials. These samples were then stained with
20 ul of 0.0l1%, particle-free acridine orange for about &4 minutes.

Particles, including the bacteria, were collected on 0.2 u porosity, Irgalan
Black (Ceiba Geigy Corp.) stained, Nuclepore polycarbonate filters. The
filters were washed twice with a total of about 3 ml of particle-free Bay
water, and were observed under epifluorescent illumination using a Leitz
Ortholux microscope at 1562x total magnification. Five randomly selected
fields were observed, and all bacterial cells within a 10x10 eyepiece grid
were counted. The mean of the five counts was used to calculate the total
bacterial concentration in the original water sample.

In many cases, AODC counts were also done according to the method of
Ducklow (1982). This technique differ;d from that described above chiefly in
that 10 rather than 5 fields were examined. Comparison of counts 1in the same

samples done by both methods afforded an intercalibration control.
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Microbial Oxygen Consumption

Microbial oxygen consumption rates in the water column were determined
from short-term changes in the oxygen concentration of enclosed water samples
incubated in the dark at 1n situ temperatures. At each depth where these
samples were taken four, acid washed, 125 wl ground glass-stoppered bottles
were filled with water essentially as described in the Microbial Metabolism
section above. Care was taken to be sure that no air bubbles were trapped in
the bottles. Oxygen 1in one of these bottles was immediately fixed as
described in the CBI microwinkler method. The remaining three were incubated

at.1in situ temperature in light-tight containers for 6 hours after which the

oxygen 1n those bottles was also fixed. Oxygen concentrations were
determined by the microwinkler titration as described by Carpenter (1965).
Dark oxygen consumption was determined from the difference between the oxygen
concentration at the time of collection and that present after 6 hours of
lncubation.

Biochemical Oxypen Demand (BOD-5)

Biochemical oxygen demand was determined from changes in oxygen concen-
tration in samples incubated in the dark at 20°C for 5 days. The samples
were collected and oxygen concentration determined as described in the
Microbial Oxygen Consumption section. BOD-5 measurements were done in
duplicate and compared to immediately fixed samples when probe-determined
D.0. exceeded 4 mg/l. When D.0. was <4 mg/l, l-liter samples were collected
and shaken to increase the initial oxygen concentration. In this case, the
initial D.O. of the shaken sample was determined for comparison to duplicate

shaken samples incubated for 5 days.
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At selected stations, filtered BCD-5 determinations were also made. In
this case, freshly collected water was filtered through Gelman type A/E glass
fiber filters at <7 in. lig. The filtrates were shaken, and the water

dispensed into ground, glass-stoppered bottles.
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SECTION 5

RESULTS

THE 1985 ANNUAL CYCLE-HYDROGRAPHY, NUTRIEMTS, PHYTOPLANKTON
Hydrography

Seasonal variations in the vertical distributions of temperature and
salinity were generally typical of partially stratified estuaries located
in temperate latitudes. Surface temperature increased from less than 1°C
in February to 26°C in August (Fig. 2). The rate of increase was greatest
in May when surface temperature increased by 8°C from ca. 11°9C at the
beginning of the month to ca. 19°C by the beginning of June. A thermo-
cline developed during April and persisted through August. Vertical
stratification in the salinity field was observed throughout the study
period but was strongest during Apr{l-August (Fig. 3). The effect of the
spring freshet was observed during April with a time lag of 1-2 weeks
between the northern most deep station (32) and the southern most deep
station (24) which gives a mean drift of ca. 6 km/d. Large intrusions of
high salinity bottom water occurred during April-May and again during
July-August.

These patterns were reflected in the density field (Fig. 4). Like
salinity, density stratification was observed throughout the study period.
Density gradients across the pycnocline ranged from 0.12 to 1.24 sigma-t/m
and generally decreased downstream from north to south. Peaks in the

density gradient across the pycnocline occurred during April and early May
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as a consequence of the spring freshet and during July-August as a conse-
quence of surface warming and the intrusion of high salinity botton water.

Dissolved Inorgzanic hKutrients

To a first approximation, distributions of nutrients were related to
salinity and to vertical stratification (Figs. 5-7). Nitrate concentration
was highest in the surface layer and decreased across the halocline. Maxipum
concentration occurred in the surface layer in association with the spring
freshet. Concentration minima occurred in the bottom layer in association
with intrusions of high salinity water. In contrast, ammonium and phosphate
tended to increase with depth and salinity with maximum concentrations
occurring in the bottom layer during late summer (Figs. 6 and 7).

N/P (nitrate + nitrite + ammonium)/phosphate) was generally high
(Fig. 8), indicating that P would become limiting to phytoplankton growth
before N. However, the continued presence of these nutrients in the surface
layer suggest that phytoplankton growth was not nutrient limited during 1985.
The shift in the frequency distribution from a peak in the 60-120 range
during March-May to a peak in the 15-30 range during May-October (Fig. 8)
probably reflects the combined effects of high nitrate supply during the
spring freshet, low nitrate supply during summer due to low fresh water
runoff, and nutrient regeneration during summer with phosphate being recycled
more rapidly than ammonium.

Dissolved Oxygen

The concentration of dissolved oxygen in bottom water decreased most

rapidly during winter-spring to less than 2 mg/l in May (Fig. 9). Concen-

trations were lowest at the northern most station and increased toward the
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mouth of the Bay. The rate of decline during February-May was 0.1 mg/l/d at
all stations over the mid-Bay channel. This rate is equal to the rate of
decline reported by Taft et al. (1980) and to that calculated by Officer et
al. (1984). We emphasize that rate of oxygen decline determined here is the
net rate of decline over a period of several weeks. It includes both oxygen
consumption and re-aeration processes. Short-term oxygen consumption
(respiration) measurements discussed later in this report are estimates of
gross oxygen consumption and are not influenced by physical re-aeration
processes. Thus, the short-term measurements will give rates of oxygen
consumption higher than the net rates considered here.

Hypoxia was maintained from May through September, but anoxia was
observed only during late surmer at the northern most station. The oxygen
content of bottom water did not remain uniformly low during this period but
exhibited alternating periods of oxygen depletion and partial re-aeration, a
pattern which became more pronounced with distance to the south of station 32
(Fig. 9). Distributions of the dissolved oxygen indicate that oxygen
depletion occurs as bottom water moves up the Bay (e.g. Fig. 10) and that the
tendency for re-aeration increases south of station 32.

Oxygen minimum zones were occasionally observed in the pycnocline
(Fig. 9), a phenomenon that probably reflects the entrainment of oxygen
depleted bottom water into the surface layer and subsequent transport down-
stream (Fig. 10). High rates of heterotrophic metabolism in the pycnocline
may also contribute to the development of these oxygen minima (see section on

microbial activity).
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Phytoplankton Biomass and Procductivity

Phytoplankton biomass, as indicated by the concentration of chlorophyll-
a (Chl), was high throughout the water column during February-May (Fig. 1l1)
when the Chl content of the euphotic zcne (confined to the surface layer or
the upper 3-9m of the water column at all times and places) was generally
greater than 100 mg/':x2 (Table 3). The Chl content of the water cclurn ranged
between 200 and 2200 mg/m2 and averaged 8§00 g/m2 through 16 May. Within 7
days Chl decreased dramatically to a mean of 161 mg/m2 (88 to 264 mg/m2 on
23 May). Most Chl was confined to the surface layer during the remainder of
the study.

This rapid decline in phytoplankton biomass coincided with 1) a marked
decreased in the proportion of Chl accounted for by netplankton (>20 um),
2) decreases in both phytoplankton productivity (PP) and chlorophyll specific
productivity (PP/Chl), and 3) a decrease in the proportion of particulate
organic carbon (POC) accounted for by phytoplankton. Prior to 23 May,
netplankton accounted for 22 to 59% (mean=37%) of Chl compared to less than
10% after the collapse. Dominant netplankton during this period of high Chl

included the diatoms Cerataulina pelagica, Leptocylindricus daqnicus,

Rhizosolenia fragillissima, Skeletonema costatus, Thalassionema

nitzschioides, and Thalassiosira sp. and the dinoflagellates Prorocentrum

spp. The nanoplankton (<20 um) were dominated by cyanobacteria, micro-
flagellates, small centric diatoms and cryptophytes throughout the study
period.

Phytoplankton productivity (PP) at station 3 on the mainstem transect
averaged 1200 mg c/w?/d during April and early May (Table 4). PP/Chl

averaged 6 mg C/(mg Chl x d) during this same period. The phytoplankton
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Table 3. Cuphotic zone chloropnytl s (mg m'z) al stationy along the marnstenm

of the Bay from north (station 32) to south (station 24y,

STATION

Date 32 28 27 3l 26 28 Mean C
12 fed 110 19) - 146 -- 18] -- --
2] mar 126 201 167 164 167 249 187 182
16 Apr 122 4] 276 268 283 270 219 24
29 Apr 212 139 16% 154 99 63 139 37
16 may 187 203 160 N 221 382 226 30
Mean 162 196 192 193 18% 213

C 2L 19 29% 283 382 L2

23 ray 8 12 n 76 a5 70 66 16
28 may €2 ] 5 49 L} 42 54 25
6 June 22 40 61 92 133 14 71 [}
19 June 58 7% 7 n 5% 50 63 16
11 Jduly 16) ks 8! 50 60 40 17 57
19 July 121 88 68 64 107 6% a8k 28
Mean 80 [} 12 67 7 57

¢ (YT 293 % 243 483 263

2 Aug s8 27 58 32 k14 28 35 38
11 Sept a8 n 3 59 69 45 48 29
10 Oct 76 38 “ 43 EY] $2 52 27
Mean 61 k] 46 4 83 L ¥

C 23: 11 252 30t igr 29s
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Tadle 4. Primary productivity {mg a-? ¢ 1) ane ¢rloropnydl specttaig production

{mg € {mg Cn1-a)"1) 4t stations 1, 3. ane S of the CMOP-FAI transect.

1 k] S
Date P P/Cnl 4 P/Cm » P/CAl
21 mar 218 ] 623 S
16 Apr 801 5 126t 8 1041 ¢
29 4pr 788 ) 1102 6 07 ki
1E May 1271¢ ¢ 1230 H uel 6
25 =ay [} } 32§ 2 227 K4
28 may 47% 16 262 ? 272 il
11 July 1332 1 1694 26 891 22
19 July 1310 15 1301 18 1216 20
15 Aug 1969 62 1749 61 1230 51
11 Sept 189 38 15%6 ¢ 1320 44
10 Oct 1872 52 162> L] 121v 5¢
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collapse in late May coilncided with a drop in PP to 329 mg C/mz/d and a drop
in PP/Chl to 2 =g C/(mg Chl x d). Following these declines, PP and PP/Chl
increased to annual maxima in August, similar to the annual cycle described
by Taft et al. (1980). Assuming that PP/Chl at station 3 was representative
of rates at the other stations on the mainster transect, PP averaged 1160 mg
c/m?/d during February-lay prior to the collapse and 1750 mg c/m?/d during
June-August following the collapse. Thus, while Chl achieved its seasonal
maximum during spring in conjunction with the peak in fresh water flow, PP
achieved its seasonal maximum during late summer wher fresh water flow (and
associated nutrient inputs) was low.

The concentration of particulate organic carbon (POC) ranged from 130 to
3540 ug/1 and was significantly (P<k 0.001) correlated with Chl (Table 5)
The exponential relationship between POC and Chl reflects the fact that
phytoplankton constitute an increasing fraction of POC as phytoplankton
biomass increases (cf. Chervin et al. 198l). As a consequence, C/Chl
decreased exponentially as Chl increased (Table 6). These relationships
reflect the presence of proportionately larger amounts of nonphytoplankton
organic matter (mostly detritus) as phytoplankton biomass approaches zero.
Linear regressions of POC on Chl when Chl exceeded 10 ug/l (the concentration
about which C/Chl is relatively insensitive to variations in Chl; see Chervin

et al. 1981) give C/Chl ratios for phytoplankton alone as follows:

12 Feb - 23 May c¢/chl = 30
28 May - 19 Jul c/Chl = 40
12 Aug - 10 Oct c/Chl = 100

Using these ratios to convert chlorophyll to phytoplankton biomass as C,
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Tanle 5.

coefficrent ang POZ « 4 (e) ® end

f1ponential relationsrips between POl and (R} wiere r o correlation

Date: n r ] °

12 Fed - 23 may 222 0.60 622 0.027
8 May - 19 June 111 0.87 Yy 0.085%
11 July - 19 July 14 0.81 3] 0.08
12 Ayg - 10 Oct 1% 0.88 a4 0.120
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Tadl¢ 6. Coefficrent of delerminaiion (f“’) for power curve 1ty of C/CN on

CA1 where C/CAY o 5 {IM1)D,

Dates " el

L3 b
12 Fer - 2% may 13 0.1 101 -0.57
2E ¥ay - 19 June 1} 0.8% 134 0.5
1 July - 19 July . 0.86 292 -0.43
15 Aug 25 0.8) 529 -0.43
11 Sept 2 0.7% 03 -0.57
10 Oct 2 0.46 290 -0.36
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phytoplankton accounted for 40-657 of total POC prior to the phytoplankton
collapse 1in late May and for less than 207 of POC thereafter. Frequency
distributions of C/Chl (Fig. 12) reflect this shift from a phytoplankton
dominated system during February-May to a detrital dominated system during
June-October, especially in the bottom layer where C/Chl ratios were much
higher than 1in the surface laver during June-October.

Ratios of POC to particulate organic nitrogen (C/N) varied between 4 and
20 with most ratios less than 10 (Fig. 13). Interestingly, C/MN tended to be
higher during spring than during summer with little difference between the
surface and bottom layers during either seascn. These ratios are typical of
phytoplankton (Strickland 1965) and are much lower than ratios in ovrganic
matter of terrestrial origin (Muller 1977) or of material from the upper
reaches of the Bay where C/N ratios exceed 20 (Flemer and Biggs 1971).
Apparently, most suspended organic matter was derived from local phyto-
plankton production, a conclusion reached by Biggs and Flemer (1972).

Lateral Variation

During the suomer of 1984 we documented time-dependent variations in
density structure along the CHOP-PAX transect (Malone et al. 1986). These
variations influenced lateral distributions of dissolved inorganic nutrients,
oxygen, phytoplankton biomass and bacteria and appeared to be responsible for
high phytoplankton production over the flanks of the main channel relative to
production over the channel. Such lateral oscillations of the pycnocline
were observed during summer, 1985 but were much less pronounced (Fig. 14).
Likewise, while chloroghyll concentrations were higher over the flanks of the
main channel in 1985 (Fig. 15), we did not observe systematic variations in

the chlorophyll content of the euphotic zone (Table 7) nor in phytoplankton
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Table 7 Euphotic 2one chlorophyll 2 (mg @2} a5

transect from west (station 1) to east (station S).

n-xions aiong CHOP-PAX

STATION
Date 1 2 k] 4 ) Mean C
12 Feb 12¢ n 146 93 10 119 181
21 Mar 70 85 118 151 150 115 32
16 Apr 207 213 228 253 412 263 32
29 Apr 152 130 n 38 97 156 58
16 May 155 164 275 114 152 172 35
23 may 62 118 168 74 116 108 19
Mean 128 140 208 129 n
C a3 1 ire 512 102
28 nay n 31 30 2l v 27 22
3 June 29 35 4] 41 3 37 20
6 June 28 $8 18 60 80 61 u
14 June 3 5 46 47 18 4% 17
17 July 156 43 59 &6 51 51 13
19 June m 10} 93 6) 62 80 23
27 June S 48 4 rx] 36 3N Sy
3 July 82 32 32 aQ 38 39 21
11 July 62 62 62 89 45 58 13
18 July 2¢ 19 18 11 10 16 41
19 July 114 124 102 89 81 102 1%
Mean 47 6 8% 46 45
C 631 51 e I3 51t
22 July 18 1. 13 1% b 14 17
8 Aug 1 8 » 36 20 22 62
12 Aug 2 2 22 14 17 19 19
19 Aug 36 26 29 26 32 30 14
29 Aug 10 32 3 4] 2t 32 19
11 Sept 7 32 38 36 49 36 23
10 Oct LY 28 46 32 29 N 22
mean 2% re k) 29 26
c 382 411 16 3 472
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productivity (Table 4). As discussed below, this contrast between 1984 and
1985 may be related to differences in vertical stratification and fresh water

flow (and probably wind forcing).

1984 AIID 1985 INTERANITUAL COUTRASTS - HYDROGRAEHY, NUTRIENLTS, PHYTOPILAMKTON
A major difference between 1634 and 1985 was the aexceptionally high

fresh water flow during July-August 1984 (Seliger et al. 1983)., 1985 was a

drounght year and freshwater flow was exceptionally low. As a consequence,

surface salinity was much higher and vertical stability lower during 1935

than during 19846 (Fiz., 16). While this had little influence on the thickness
of the hypoxic layer or on the length of tire hyposia was present (Furg. 16D,
it was reflected in the oxygen content of the bottom layer, l.e. anoxia was

observed episodically from June through September in 1984 but not in 1985
when anoxia was only observed in September (Fig. 9). F or example, compare
the salinity (Fig. 17) and oxygen (Fig. 18) distributions of June 1984 with
June 1885, Tt 1is ijikely that the lack of anoxia during 1985 was due, at
least in part, to weaker stratification and stronger vertical mixing during
1985.

These differences in oxygen depletion of bottom wiater may also reflect
differences in the production and fate of phytoplankton biomass during the
summer season. The Chl content of the euphotic zone was higher and more
variable during summer 1984 than summer 1985 when euphotic zone Chl was lower
and relatively constant (Fig. 19). 1In contrast, PP/Chl was higher during
1985 than during 1984 (Fig. 19). This suggests that phytoplankton production
and grazing was more closely coupled during 1985 so that phytoplankton

biomass did not accumulate. As a consequence, the flux of organic matter of
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phytoplankton origin (due both to sinking of particulate organic matter and
to the release of dissolved organic matter by phvtoplankton in the bottom
layer) into the bottom laver was probably lower during 1985. Poor coupling
between zooplankton grazing and phyvtoplankton production during 1984 mav be
caused by oscillations of the pvcnocline and associated variations 1in
vertical mixing (Malone et al. 16836).

In this context, 1t is noteworthy that phytoplankton production showed
little variation between 1984 and 1985 despite these differences in fresh
water flow (and associated nutrient inputs), vertical stability, and lateral
oscillations of the pycnociine. Phytoplankton procuction during Julv-October
along the CHOP-PAX transect averaged 1.20 g C/ml/d in 1984 compared to 1.37 ¢
C/mz/d in 1985. We would also like to point out that these estimates of
summer production are substantially lower (and more reasonable when compared
to other estuarine and coastal ecosystems) than.reportea_gy Officer et al.
(1984).

Dissolved Oxyzen and Vertical Stratification

While vertical stability clearly influences mixing between oxygenated
surface water and oxyvgen depleted bottom water, variations 1in the oxygen
content of bottom water were poorly related to variatiuns in vertical stabi-
lity during 1985 (Fig. 20). Likewise, during spring, vertical stability
decreased downstream from north to south yet the rate of decrease in the
oxygen content of bottom water did not vary along the mainstem transect
(Fig. 21). However, bottom water oxygen concentration was strongly corre-
lated with temperature which accounted for 88% of the variation in bottom

water oxygen during the spring decline (Fig. 20). This suggests that
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heterotrophic metabolism governs the rate of decline in oxygen over the
observed ranged of vertical stability in the Bay. The predominant effect of
vertical stability appears to be on the spatial extent of anoxia during the
summer .

Production and Fate of Phvtoplankton Bilomass

Seasonal variations in phytopiankton biomass and productivity were out
of phase in the Bay with biomass peaking during spring and productivity
during summer. The large accumulation of biomass during Februarv-May
sugpests the possibility that the decline in dissolved oxvgen during this
period was a consequence of the heterotroplic metabolism of organic matter
produced by phytoplankton over the sarme period. The rapid decline in biomass
during late May may have been due to a mass mortality of phytoplankton below
the euphotic zone caused by low oxygen concentrations and/or a rapid increase
in grazing pressure. In either event, sinking of this organic matter into
the benthos could provide a source of organic substrates for subsequent
oxygen removal during summer. The development of the SUmmECT raXioum in
productivity would then depend on the regeneration of nutrients based on this
organic matter and the recycling of these nutrients into the euphotic zone as
a consequence of vertical mixing and bscillations of the pycnocline. This is
contrary to the hypothesis that there is an interannual carry over of
phytodetritus which fuels oxygen depletion in the Bay. However, our results
do not omit the possibility that all the organic matter produced in any given

year is not consumed during that year.

Nutrients and Phytoplankton Production

Our results indicate that phytoplankton growth rates (biomass specific

productivity) were not limited by either P or N on a seasonal time scale.
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The nutrient concentraticns we observed in 1985 were simply too high to limit
the rate of phytoplankton growth. This is somewhat surprising since 1585 was
a low flow year which should mean that inputs of new nutrients to the Bay
were lower than they would have been had fresh water runcf{ been greater. If
this is the case, substantial reductions in nutrient inputs will be required
to significantly decrease phytoplarkton production in the Bay. We emphasize,
however, that our results do not preclude the possibility that phytoplankton
biomass yield might be nutrient limited.

In this regard, it would be a mistake to conclude that the high N/P
ratios reported here and elsewhere indicate that N removal it not necessary.
Differences in the cycles of I and P and in the pnysical chemistry of the
compounds involved niake interpretation of N/P ratios {n terms of nutrient~

limited phytoplankton growth difficult.

THE 1985 ANNUAL CYCLE - MICROBIOLOGY

Bacterial Abundance

Temporal Changes along the Main Channel

Bacterial abundance was low in late winter, averazing less than 106
cells/ml (Fig. 22). Bacterial numbers increased raplidly as water
temperatures increased, approaching summer abundances by late April. During
the period mid-February to late April, bacterial abundances exhibited little
change from surface to bottom, but numbers increased earlie; up Bay at
stations 32 and 3 than at station 24 farther to the south.

Following a peak in late April, bacterial numbers decreased rapidly at
all three stations (Fig. 22), preceding the phytoplankton decline by 1 week

(Fig. 11, Tables 3 and 4). Bacterial abundance remained low, but began to
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increase about one to two weeks after the phytoplankton decline. The
increase was especially noticeable at starion 3. By mid-June, suomer
conditions had become established, marked by higher bacterial numbers above
the pycnocline and lower numbers below it. During this period, deep waters
at stations 32 and 3 generally harbored larger bacterial populations than at
station 24.
Temporal Changes along Transect 2

Figures 23-27 provide a synopsis of temporal changes in bacterial
abundance along lateral transect 2 which was studied intensively during our
1984 investigation (Tuttle et al. 1985). Salinity contours for this transect
are provided to indicate the pycnocline depth and degree of stratification
(Figs. 28-32). Early cruises (Figs. 23 and 24) were often characterized by
similar numbers of bacteria in surface waters, in deep waters, and from flank
to flank. The presence of mid- and deep water maxima of bacterial abundance
were common during the late winter and spring. Examples of this occurrence
include cruises 2 and 3 (Fig. 23), cruises 4-6 (Fig. 24), and cruises 7-9
(Fig. 25). Bacterial abundance contours which were typical of summer 1984
(Tuttle et al. 1985) did not occur along tramsect 2 until mid-July (Fig. 16).
These "typical" abundance contours, characterized by high bacterial numbers
on the flanks and in surface waters and by decreasing bacterial abundances
with depth, were common along transect 2 from mid-July to the end of the
study period (Figs. 26 and 27).

The transect 2 series also illustrates recovery of the bacterial
community following the mid-May bacterial decline (cruise 5, Fig. 24). Not

until & June (cruise B, Fig. 25), two weeks following the phytoplankten
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decline, did bacterial numbers reach or exceed abundances which had been
present on 29 April (cruise 4, Fig. 24). This recovery was probably fueled
by dead or dying phytoplankton.
Differences with Depth

Figure 33 compares mean bacterial abundances within and below the
euphotic zone. Not until the end of May, onc week after the phytoplankton
decline, did mean surface water abundance exceed bacterial numbers below the
euphotic zone. Over the next three weeks, bacterial abundance increased in
parallel within and below the euphotic zone, probably at the expense of
decaying phytoplankton. Summer conditions, 1l.e. bacterial ubundance signifi-
cantly lower below the euphotic zone, were reached across the mid-Bayv study
area by late June and persisted throughout the remainder of the study.
North to South Differences

Mean bacterial numbers within the euphotic zone were often greater at
the two more northern transects, but this was especially true from late June
to mid-October (Fig. 34). Mean summer abundances often cxceeded 107/al at
either transect 1 or 2 on a given cruise date, but never exceeded 8xlO6/m1 at
transect 3 over the time span of the last five cruilses. The differences were
less pronounced below the euphotic zone (Fig. 35), but mean bacterial numbers
at transect 1l or 2 always exceeded mean bacterial numbers at transect 3 from
early June to mid-October.
East to West Differences

In accordance with depth and with north-south transect location, mean
bacterial abundance was nearly uniform laterally until late May (Fig. 36).
Following the phytoplankton decline over the study area, however, mean

bacterial numbers were greater over the flanks than over the deep channel.
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From mid-June until the end of the study, abundances tended to be highest
over the eastern flank.
Bacterial Size

As we counted bacteria to estimate abundance, we divided the microor-
zanisms observed into the fallowing size classes: <1 um, 1 to 2 um, and
>2 um. For our purposes here, we consider only two size classes, namely
bacteria less than or greater than | um.

Early in the year significant portions of the bacterial community were
>1 um (Figs. 37 and 38). The proportion of these larger bacteria decreased
unixl by mid-May, most of the bacteria observed were smaller than | um. This
pattern of size distribution was consistent for northerly and southerly
transects and within and below the euphotic zone (Figs. 37 and 38). The

proportion of larger bacteria was greatest at transect 2. The proportion of

lérger to smaller bacteria at transect 2 increased as bacterial abundances
increased following the phytoplankton decline in late May. This change in
size proportions was independent of depth (Figs. 37 and 38). A similar but
smaller change occurred at transect 3.

During summer conditions, bacteria <l um consistently comprised 85 to
95% of the bacterial community. Except in early June when the proportion of
larger bacteria increased from east to west, little difference in bacterial
size was observed from flank to flank (Fig. 39). The reason for these
changes in bacterial size are unclear. One possible explanation is that
increasing bacterial growth rates throughout the spring as water temperature
increases select for smaller sized bacteria. On the other hand, we may

simply have observed shifts in the bacterial species composition.
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Bacterial Production

Temporal Changes along the Main Channel

In agreement with bacterial abundance, bacterial production was low in
late winter with TdR averagzing about 10 pmol/1/h (Fig. 40). Production
increased rapidly in the spring with increasing water temperatures, almost
reaching summer levels by late April. At this time, mid and bottom water TdR
often equaled or exceeded suomer values. Bacterial production decreased
abruptly in mid-May at all three deep stations, coincident with decreases 1in
bacterial abundance and one week before the rapid reducticn in phytoplankton
biemass and production over the entire study area. The decreases 1in
bacterial production were greater at station 24 than at eirther of the more
northern stations.

Rapid recovery of bacterial production followed the phytoplankton
decline, particularly in near surface waters at station 32 (Fig. 40). High
surface water production (TdR >200 pmol/1/h) was characteristic of station 32
from late May to mid-July and from late August to late September. Farther
south at station 3, high surface water production extended from early June to
late August. High production in surface waters was less frequent at station
24, Episodes of very high, near surface water production occurred at all
three deep stations, but were not necessarily coincident along the main axis
.of the Bay.

Bacterial production in deep water was usually highest to the north at
station 32 where TdR often equaled or exceeded 100 pmol/l/h from mid-April to
mid-September (Fig. 40). A notable exception to this pattern occurred during
July and early August just before the onset of anoxia (Fig. 9). Deep water

bacterial production at station 3 was similar to station 32 except that
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production in near bottom water was usually lower farther north (i.e. at
station 32) and TdR 1isoclines closely followed salinity contours (Fig. 3)
during the summer. At station 24, bacterial production belgw the pycnocline
(10-12 m depth) never exceeded TdR values of 50 pmol/1l/h.

A synopsis of bacterial production profiles across lateral transect 2 is
shown in Figures 41-45. Early in the year bacterial production exhibited
little in the way of a pattern with TdR in deep channel water likely to be as
high as in surface water on the flanks (Fig. 41). Later in the spring the
response of bacterial production to the spring phytoplankton bloom and the
subsequent reduction in bacterial production are clearly evident (Fig. 42).
Within 12 days after the bacterial decline and within 7 days after the
phytoplankton decline (cruise 7, Fig. 43), bacterial production had recovered
to spring bloom levels and thereafter continued to increase into the summer.
By early July (Fig. 44) summer conditions had become established, marked by
high bacterial production in surface waters and on the flanks and much lower
production in the deep waters, decreasing with depth at deep channel
stations. From late April (Fig. 42) on, bacterial production isoclines
followed salinity contours (Figs. 29-32, 42-45). A noticeable decrease of
bacterial production was observed from mid-September to mid-October
(Fig. 45), signaling the end of summer conditions.

Differences with Septh

As we observed with bacterial abundances (Fig. 33), mean bacterial
production early in the year was similar within and beneath the euphotic zone
(Fig. 46). However, mean bacterial production within the euphotic zone began

to exceed production below the euphotic zone nearly two weeks before
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Figure 46. Mean bacterial production, expressed as TdR, within (®) and
below (0) the euphotic zone for transects 1-3 during 1985.
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bacterial abundances exhibited the same pattern. The time difference between
the changes in within and beneath euphotic zone ratios of bacterial biomass
and production may be indicative of an increase in the biomass specific
growth rate of euphotic zone bacteria. Alternatively, bacteria below the
euphotic zone may have been subjected to increased removal pressure (e.g.
predation).

Following the mid-May decline of bacterial production, euphotic zone
production oscillated throughout the remainder of the study (Fig. 46). Peaks
of production occurred in late June, late July and nm:id-September. Four peaks
weére found below the cuphotic zone, threce of which were coincident with
euphotic zone maxima and a fourth which occurred in late May during the
phytoplankton decline (Tables 3 and 4). The frequency of oscillation and/or
timing of actual peaks may have been different than the data indicate. More
frequent sampling intervals (such as the twice weekly sampling intervals of
1984) would have been necessary to resolve this problem.

North to South Differences

Bacterial production was generally highest farthest to the north from
February to mid-July (Fig. 47). This was true both within (Fig. 48) and
below (Fig. 49) the euphotic zone. Mean bacterial production below the
euphotic zone was greater at either transect 1 or 2 than at the southern-most
transect 3. When expressed as transect means (Figs. 48 and 49), the produc-
tion data from mid-May to mid-October indicate three coincident peaks within
and below the euphotic zone at transect l, two of which (mid-June and mid-
September) also occurred along transects 2 and 3. The third peak in late May
occurred only below the euphotic zone at the two southern-most transects

(Fig. 49).

92



N

g & & 8
LI B

TdR, pmol L' b
B
T

'088§8§

Figure 47. Mean bacterial production, expressed as TdR, along transects I
), 2 (0), and 3 @) during 1985.

93



3xXr

TdR,pmol U'h™'
g

Figure 48. Mean bacterial production, expressed as TdR, within the euphotic

zone along transects 1 (&), 2 (0), and 3 @) during 1985.

94



220

— o e
R e — .

g
T

TdR, pmal L' h™!

Y
1
{
B«
SN
»

Figure 49. Mean bacterial production, expressed as TdR, below the euphotic
zone along transects 1 (A), 2 (0), and 3 ) during 1985.

95



East to West Differences

Mean bacterial production was relatively constant across the Bay until
the spring phytoplankton bloom in late April to mid-May when production was
greatest along the eastern flank (Fig. 50). Followirng the wmid-May bacterial
decline, however, bacterial production tended to be nuch greater over both
flanks than over the deep channel (with the exception of the east flank along
transect 2 in late July). Unlike bacterial abundance (Fig. 36), bacterial
production in the late spring to mid-sumrer was often greater to the west
than to the east (Fig. 50). During mid-August to mid-September, however,
production to the east exceeded production to the west, cons:istent with the
same time period in 1984 (Tuttle et al. 1985). 1In contrast to 1984,
bacterial abundance was also higher to the east than to the west in the late
summer (Fig. 36).

Amino Acid Metabolism

Temporal Changes along the Main Channel

Amino acid metabolism (expressed as turnover rate) was low in late
winter but began to increase rapidly in the spring (Fig. 51) in a pattern
similar to bacterial abundance (Fig. 22) and production (Fig. 40). This
increase was most rapid at station 32 until mid-April when contours were
similar for-station 24. High amino acid turnover rates accompanied the
spring phytoplankton maximum with the greatest responses in mid and deep
waters at stations 3 and 24. Turnover rates observed at these stations were
the maximum values measured during the study. While amino acid metabolism at
station 32 also increased, the response was less than at the more southerly

mainstem stations except in surface waters. The bacterial decline in mid-May
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Figure 50.
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Mean bacterial production, expressed as TdR, along the west
flank (QA), main channel (0), and east flank @0) of Chesapeake
Bay during 1985. Values are means of data from all three
lateral transects.
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was accompanled by greatly decreased amino acid metabolism all along the
north-south transect. Unlike bacterial production (Fig. 40), amino acid
metabolism failed to recover to levels measured during the spring
phytoplankton bloox except at station 32, and only there in surface waters or
near the pycnocline. During summer conditions, subpycnocline amino acid
metabolism did not exceed 1l to 2%/h except in mid-September at stations 32
and 3. The mid-water maxima found then at these stations were not observed
at station 24.

Amino acid metabolism across transect 2 increased from February to
March, decreased in wmid-April and then increased to maximum levels in late
april during the spring phytoplankton auximum (Figs. 32 and 33). The highest
turnover rates were measured in mid and deep water, but rapid metabolism also
occurred near the western shore and across the eastern flank (Fig. 53). The
yearly gaximum in metabolic rates measured on 29 April were followed by a
sharp decline of amino acid metabolism on 16 May during the decline in
bacterial abundance (Fig. 24) and production (Fig. 42). Within one week
(cruise 6, Fig. 93), amino acid metabolism increased in surface and mid-
waters coincident with the dramatic phytoplankton decline observed on the
same day. However, turnover rates on this and on subsequent cruises through-
out the remainder of spring and summer (Figs. 54~56) never reached values
measured on 29 April.

The relationship of amino acid metabolism (Figs. 52-56) to salinity
(Figs. 28-32) was irregular. On cruises &4 (Figs. 29 and 53), 9 (Figs. 30 and
54), 10 (Figs. 31 ;nd 55), 13 and 14 (Figs. 32 and 56), amino acid metabolism
tended to follow salinity contours. On cruises 8 (Figs. 30 and 54) and 11

(Figs. 31 and 55) amino acid metabolism isoclines appeared to be in opposi-
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tion to salinity contours.
Differences with Deptn

Mean amino acid turnover rates for the entire study ares are shown in
Fig. 57. In agrecement with bacterial production estimates (Fig. 46), amino
acid metabollsm was most rapid bDeiow the euphotic zone until the mid-liay
bacterial decline when it became hilgher in the euphotic zone and remained so
throughout the study period. The amino acid metabolism data were charac-
terized by a seriles of oscillations with 5 peaks, the largest of which
coincided with the spring phytoplankton bloom. All these peaks occurred
sluaultancously above and below the euphotic zone and coincided with peaks of
bacterial production (Fig. 46).

Yorth to South Differences

From February to mid-April, mean amino acid turnover rates were highest
along transect 1 within and below the euphotic zone (Figs. 58 and 59). This
.was also true of the late June to mid-August period, but the differences
between rates at transccts 1 and 3 were swmall, purticularly within the
euphotic zone. All five amino acid metabolism peaks were coincident at
transects 2 and 3 within and below the euphotic zone.

Mean amino acid metabolism at transect 1 did nul always coincide with
the two transects to the south. For example, the mid-September peak across
transects 2 and 3 did not occur at all in the euphotic zone at transect 1l
(Fig. 58) and was only a minor peak below the euphotic zone (Fig. 59). The
late May euphotic zone peak at transect 1 occurred five days later than at

transects 2 and 3 (Fig. 58).
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Figure 57. Mean amino acid metabolism, expressed as amino acid turnover
rates, within (®) and below (0) the euphotic zone for transects
1-3 during 1985.
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Figure 58. Mean amino acid metabolism, expressed as amino acid turnover
rates, within the euphotic zone along transects 1 Q), 2 (0),
and 3 @) during 1985.
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The fact that the 29 April peak was substaantially greater at the
southerly transects than at transect 1 (Figs. 58 and 59) may be significant
with respect to bacterial production means measured on the same day (Figs. 48
and 49). Comparison of bacterial production with amino acid metabolism at
each of the transects suggests that amino acid metabolism was uncoupled from
bacterial production, especially at transects 2 and 3; that amino acid pools
were lower in late April than during the summer when bacterial production was
higher but amino acid turnover was lower; or that the bacterial community at
transect 1 was also using carbon and energy sources other than amino acids to
support growth. We have insufficient information to decide among these
possibilities.

We did not measure amino acid respiration during 1985. However, respi-
ration measurements made during summer and fall cruises in 1984 indicated the
respiration accounted for 40% of total amino acid metabolism (Tuttle et al,
1985). Summer 1985 amino acid turnover rates corrected for respiration are
similar to the rates found in summer 1984,

East to West Differences

From late April throughout the remainder of the study, mean amino acid
metabolism along the flanks exceeded metabolism over the main channel
(Fig. 60). After the mid-May bacterial decline the differences along the
eastern flank compared to the western flank were small, but mean amino acid
turnover to the east exceeded that to the west at each of the peak events.
Glucose Metabolism

Our 1984 amino acid metabolism data correlated well with chlorophyll a
and bacterial production estimates (Tuttle et al. 1985). This suggested that

amino acids were a reasonable surrogate for phytoplankton carbon capable of
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Figure 60.

Mean amino acid metabolism, expressed as amino acid turnover
rates, along the west flank (A), main channel (0), and east
flank ) of Chesapeake Bay during 1985. Values are means of
data from all three lateral transects.
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being utilized for microheterotroph production during late August to early
November 1984. Nevertheless, our 1985 study was conducted over a longer time
period, thereby increasing the likelihood that phytoplankton community struc-
ture and thus carbon and energy sources for bacterial production could
change. We added glucose metabolism determinations to our 1985 measurements
to assess the possibility that bacterial growth and metabolism in Chesapeake
Bay waters might be fueled by organic carbon and energy sources other than
amino acids.
Tenmporal Changes along the Main Channel

We began measurements of glucose metabolism in mid-April (Fig. 61).
Glucose turnover rates were already substantial at this time with particu-
larly high values at station 32 at all depths and in mid-water at station 24,
The spring phytoplankton maximum (Fig. 11) coincided with high glucose turn-
over rates-in deep water, most motably up Bay at stations 32 and 3. Deep
water rates to the south at station 24 were lower, but very high rates of
glucose turnover were found in surface and mid-water at this location.

Glucose metabolism decreased in concert with the bacterial decline in
mid-May. Its recovery, coinciding with the phytoplankton decline, was rapid
but turnover rates in deep water never again reached the values found in late
April (Fig. 61). Surface and mid-water rates, however, remained high until
late July (when measurements had to be discontinued at stations 32 and 3) or
mid-August (station 3). Summer deep water glucose metabolism tended to be
greater at stations 32 and 3 than at station 24 to the south.

A cross-Bay synopsis of glucose metabolism at transect 2 is depicted in

Figures 62-66. In mid-April (Fig. 62) glucose turnover rates were highest
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near the main channel of the Bay with maximum rates of 6-7%/h. Glucose
turnover increased greatly by late April (Fig. 63), in concert with the
spring phytoplankton maximum (Tables 2 and 3) and peaks of bacterial abun-
dance (Fig. 24), production (Fig. 42), and amino acid metabolism (Fig. 53).
Highest rates occurred in mid and deep water and along the eastern flank
(Fig. 63). Glucose metabolism decreased dramatically (5 to 10-fold in mid
and deep water) in mid-May (cruise 5, Fig. 63) with the bacterial decline,
but nearly doubled one week later in the surface water as phytoplankton
biomass and production decreased (Tables 2 and 3). Following a second
decline at the end of May, glucose turnover increased again into mid-June.
Bottom water glucose metabolism on 19 June (cruise 9, Fig. 64) was exceeded
only by rates found during the spring phytoplankton bloom.

Summer conditions.predominated in July throughout the remainder of the
study, i.e. high rates of glucose metabolism were found in near surface
waters and lower and decreasing rates occurred beneath the pycnocline
(Fig. 65 and 66). Unlike all the other bacterial parameters measured, how-
ever, this "summer" pattern was observed as early as 23 May and persisted
through May and June (Figs. 63 and 64). Glucose metabolism decreased in
September and October as water temperatures began to decline (Fig. 66).

Except for cruise 3 (Fig. 62), cruise 7 (Fig. 64), and possibly cruise 5
(Fig. 63), glucose turnover isoclines were similar to salinity profiles
across the transect (Figs. 29-32). In this respect, glucose metabolism
tended to follow bacterial production (Figs. 42-45) more closely than did
amino acid metabolism (Figs. 53-56).

Differenges with Depth

Mean glucose turnover rates below the euphotic zone exceeded rates
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within the euphotic zone until the mid-May bacterial decline (Fiz. 67). The
timing of this change was consistent with bacterial production (Fig. 46) and
amino acid turnover (Fig. 57), but occurred two weeks earlier than the shift
in bacterial abundance (Fig. 34). However, the mid-May change occurred only
at transects 1 and 2 (Figs. 68 and 69). Across trarsect 3, mean glucose
turnover within the euphotic zone was alwavs greater than below it.
North to South Differences

From early June to late July when measurements at transects 1 and 3 had
to be discontinued, mean glucose metabolism at the northern-most transects
w;s usually higher than at transect 3 (Figs. 68 and 69). This was not true
in late April when glucose metabolism at transect 3 within the euphotic zone,
but not below it, exceeded glucose metabolism at the more northern transects.
Glucose metabolism nearly always exceeded amino acid metabolism in both
surface and bottom waters, often by a factor of 2 or more. Assuming that
natural glucose and amino acid concentrations in Bay water were similar, we
suggest that carbohydrates were preferred over amino acids as carbon and
energy sources for microheterotrophic growth and metabolism. However, this
cannot be proven in the absence of measurements of carbohydrate and amino
acid concentrations.

Beginning with the bacterial decline in mid-May, mean glucose metabolism
on the flanks exceeded glucose metabolism over the deep channel (Fig. 70).
Mo discernible pattern was observed in east and west flank glucose turnover
rates.

Oxvygen Consumption

Mean oxygen consumption data for the mesohaline portion of the Bay are
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Figure 67. Mean glucose metabolism, expressed as glucose turnover rates,
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during 1985.
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during 1985.
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Figure 69. Mean glucose metabolism, expressed as glucose turnover rates,
below the euphotic zone along transects 1 (A), 2 (0), and 3 @)
during 1985.
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Figure 70. Mean glucose metabolism, expressed as glucose turnover rates,
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plotted in Fig. 71. Apart from the decrease in oxygen consumption rates
within the euphotic zone from mid-February to mid-April, the data indicate an
increasing trend in oxygen consumption rates culminating in a late July to
mid-August euphotic zone peak and peaks below the euphotic zone in early June
and late July. Higher mean oxygen consumption rates below the euphotic zone,
calculated by averaging to 15m depth compared te averagzing to the bottom,
reflect decreases in oxygen consumption rates with depth as well as elevated
oxygen consumption rates near the pycnocline.

Elevated euphotic zone oxygen consumption rates from late April to late
May coincide with the spring phytoplankton bloom (Table 3) while the summer
euphotic.zone oxygen consumption maximum corresponds with high primary
production during the same time period (Table 4). Despite this, there are no
clear-cut relationships among the deep water oxygen consumption maxima and
bacterial or phytoplankton parameters on a cruise-by-cruise basis, However,
bacterial abundance and activity tended to be uniformly high during the
summer period. We cannot rule out the possibility that organisms other than
bacteria might have been responsible for a portion of the observed oxygen
consumption.

Oxygen consumption below the euphotic zone was usually greatest at the
northern-most and least at the southern-most lateral transect (Fig. 72).
Peak mean values along transect 1 in early June and transect 2 in early July
do not correspond with peaks in bacterial or phytoplankton parameters. How-
ever, the generally high deep water oxygen consuniption rates which occurred
along transects 1 and 2 are consistent with high phytoplankton production and
high bacterial abundances and activity characteristic of summer conditions.

Higher oxygen consumption rates along the northern-most transects are also
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Figure 71.

Mean oxygen consumption within the euphotic zone (®), beneath
the euphotic zone to the benthos (0), and beneath the euphotic
zone to 15m depth (O) during 1985. Values are means of data
from all three lateral transects.
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consistent with oxygen depletion observed at the deep stations throughout the
study period (Figs. 9 and 21).

Despite improvements in our experimental procedures for measuring oxygen
consumption rates (see SECTION 4) we still observed, as in our 1984 data
(Tuttle et al. 1985), considerable scatter in the oxygen consumption determi-
nations. However, when we aggregated oxygen consumption data according to
time periods based upon season and degree of stratification (1984 data,
Tuttle et al. 1985) or by seasonal periods only (1985 data) and further
separated the resulting aggregates into euphotic zone and below euphotic zone
means, we found surprisingly good agreement between mean oxygen consumption
rates and bacterial abundances (Fig. 73). Attempts to repeat this exercise
with bacterial production estimates and bacterial metabolism measurements
were unsuccessful. The apparent relationship between oxygen consumption rate
and bacterial abundance required further statistical evaluation. Neverthe-
less, the ability to estimate oxygen consumption by measuring bacterial
abundance, a much easier and more precise determination than directly
measuring oxygen consumption, could prove to be a useful addition to Bay
monitoring efforts.

Carbon Sources for Bacteria and Oxygen Consumption

We have previously discussed variations in phytoplankton biomass and
productivity in terms of phytoplankton dynamics. In this section, we focus
on phytoplankton as a source of carbon fueling bacterial metabolism and
oxygen consumption.

Chlorophyll

Mean chlorophyll concentrations within and below the euphotic zone for
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Figure 73. Linear regression of mean oxygen consumption on bacterial

abundance. Symbols: (A) euphotic zone means for the time
periods 20 Aug. - 11 Sep., 14 Sep. - 3 Oct., and 5 Oct. - 2 Nov.
1984; (@) beneath euphotic zone means for 1984 data collected in
the time periods given above; (A) euphotic zone means for the
time periods 12 Feb. - 17 Apr., 29 Apr. ~ 7 June, and 19 June -
12 Sep. 1985; (0) beneath euphotic zone means for 1985 data
collected in the time periods given above. Means were
calculated using data from all transects.
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each cruise are plotted in Figure 74, Early in the vear, mean chlorophvll
below the euphotic zone exceeded euphotic zone chlorophyll. This pattern
reversed in late April and mean euphotic zone chlorophyll thereafter
continued to exceed mean chlorophvll concentrations found below the euphotic
zone.

Two distinct chlorophyll maxima were observed within the euphotic zone
(Fig. 74). The first of these, extending from mid-April to mid-May, was
indicative of the spring phytoplankton bloom (Tables 3 and 4) while the
second, occurring in late July, represented a summer production maximum.
Below the euphotic zone, however, chlorophyll a concentrations decreased
consistently from mid-April to late May and then remained relatively low
through mid-October. This pattern suggests that removal of intact phyto-
plankton below the euphotic zone by zooplankton grazing and/or by bacterial
degradation increased after mid-April.

The variations of mean chlorophyll content of the euphotic zone were
qualitatively similar to each of the east-west transects (Fig. 75A). Below
the euphotic zone, however, significant inputs of chlorophyll occurred during
the summer at transect 1 (Fig. 75B). During both the spring and summer
maxima of phytoplankton biomass, higher concentrations of chlorophyll were
found at transect 1 than at transect 3 (Figs. 74A and 74B). This relation-
ship was true both within and below the euphotic zone.

From late April to mid-August, mean chlorophyll concentrations over the
Bay flanks were greater than over the main channel (Fig. 76). This pattern
is consistent with measurements of bacterial abundance (Fig. 36), bacterial
production (Fig. 50), and bacterial metabolism (Figs. 60 and 70). However,

the same was not necessarily true of primary productivity (Table 4) or of
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euphotic zone chlorophyll (Table 7) measured across transect 2. The apparent
discrepancy is likely due to the fact that the means plotted in Figure 76
included measurements, made within and below the euphotic zone and at all
three transects, whereas the data compiled in Tables 4a and 7 represent
transect 2 measurements made only within the euphotic zone.
Phaeopigments

Mean phaeopigment concentrations (Fig. 77) tended to follow mean chloro-
phyll concentrations through time (Fig. 74). Both spring and summer peaks
were observed within the euphotic zone, but the magnitude of the mid=July
phaeopigment peak relative to the spring phaeopigment maximum was yreater
than expected from the ratio of mean summer maximum to mead spring maximum
chlorophyll (Fig. 74). We attribute this difference to increased metabolism
of phytoplankton biomass within the euphotic zone during the summer on the
basis that high phaeopigment to chlorophyll ratios were indicative of phyto-
plankton decay. Our interpretation is consistent with the notion that the
system shifted from phytoplangton to detrital dominance following the phyto-
plankton decline in mid-May (Fig. 12).
Particulate Organic Nitrogen

Mean particulaée organic nitrogen (PON) concentrations (Fig. 78) within
the euphotic zone exhibited a pattern consistent with phaeopigments
(Fig. 77), i.e. the summer maximum exceeded the spring maximum. Below the
euphotic zone, PON peaks in late June, late July, and mid-September coincided
with peaks of bacterial production (Fig. 46) and amino acid metabolism
(Fig. 57), but the trend over the summer indicated relatively low PON in

deeper waters during the summer compared with the spring. Given that
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euphotic zone during 1985. Values are means of data from all
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Figure 78.

Mean PON concentrations within (8) and below (0) the euphotic
zone during 1985. Values are means of data from all three
lateral transects.
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bacterial biomass and production remained at high levels during summer condi-
tions, the PClM data sugzest a decreased bacterial dependence upon particulate
organic matter below the euphotic zone during the summer compared to other
seasons.

Mean PON concentrations for each of the three lateral transects are
shown in Figure 79. Except for the tendency of PON concentrations to be
highest at transect 1 during the period mid-June to mid-August, there was no
clear-cut trend among the transects. In contrast, mean PON concentrations
were consistently greater over the Bay flanks than over the main channel from
late April to mid-August (Fig. 80).

Particulate Organic Carbon

Variations in mean particulate organic carbon (PCC) concentrations
(Fig. 81) were similar to changes in PON (Fig. 78) except that euphotic zone
POC began to exceced POC below the euphotic zone two weeks earlier than this
shift was observed in PON and the summer euphotic zone POC maximum occurred
in mid-August rather than in late July. POC peaks coincident with bacterial
production (Fig. 46) and amino acid metabolism (Fig. 57) occurred during the
summer below the euphotic zone, but the trend of below euphotic zone POC
indicated increasing accumulation of POC in deep water following the phyto-
plankton decline in late May which continued until the end of the study.

This trend suggests that from late spring through the summer, POC may have
been less susceptible to bacterial attack below the euphotic zone than it had
been earlier in the vyear.

Where POC data are available for each of the three lateral transects
(Fig. 82), we found no evidence for consistently higher POC at one transect

compared to the others. However, in agreement with PON (Fig. 79), POC at
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Figure 79. Mean PON concentrations along transects 1.(A), 2 (0), and 3 )
‘ during 1985. Means include data from within and below the
euphotic zone.
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Figure 80. Mean PON concentrations along the west flank (&), main channel
(0), and east flank ) of Chesapeake Bay during 1985. Values
are means of data from all three lateral transects.
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Figure 81. Mean POC concentrations within () and below (0) the euphotic
zone during 1985. Values are means of data from all three
lateral transects.
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Figure 82. Mean POC concentrations along tramsects 1 (), 2 (0), and 3 ()
during 1985. Means include data from within and below the

euphotic zone.
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transect 1 exceeded POC at transects 2 and 3 during mid-summer. Insufficient
data are avallable to calculate within and below euphotic zone means for each
of the transects. Mean POC concentrations were greater over the flanks than
over the main channel from late spring to at least mid-August (Fig. 8&3),

This difference is consistent with chlorophyll (Fig. 76) and PON (Fig. 80).
Biochemical Oxygen Demand

We emphasize that only degradable organic carbon (defined here as that
organic matter subject to bacterial metabolism) can fuel oxygen consumption.
While amino acid and carbohydrate analyses would have been useful for compar-
1son with amino acid and glucose metabolism measurements, budgetary
restraints necessitated our use of biochemical oxygen demand (BOD) determi-
nations to estimate labile carbon. Experimentally determined oxygen consump-
tion was converted to carbon equivalence according to equation 4.

CeHy50¢ + 60, --—->_ 6C0, + 6H,0 —— ~——(eq. 4)
The use of carbohydrates to calculate carbon equivalence is supported by our
finding that glucose turnover exceeded amino acid turnover.

Mean total BOD throughout the water column was variable during the
spring when no single transect exhibited consistently high or low BOD in
relation to the other two (Fig. 84). Duriﬁg the summer, however, mean total
BOD remained significantly higher to the north at transect 1 than to the
south at transect 3. This difference was due mainly to BOD within the
euphotic zone (Fig. 85) rather than below it (Fig. 86), even though BOD below
the euphotic zone also tended to be greater to the north than to the south
(Fig. 86). During rapid oxygen depletion of bottom waters in the spring

(Fig. 21), total BOD beneath the euphotic zone was greater to the north than
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Figure 83. Mean POC concentrations along the west flank (4), main channel
(0), and east flank €D of Chesapeake Bay during 1985. Values
are means of data from all three lateral transects.
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Figure 85. Mean total BOD-5 within the euphotic zone along transects 1 (&),
2 (0), and 3 @) during 1985.
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Figure 86. Mean total BOD-5 below the euphotic zone along transects 1 ),
2 (0), and 3 @) during 1985.
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to the south (Fig. 86) whereas euphotic zone BOD showed no coherent pattern
among the three transects (Fiz. 85). The May declines of bacteria and phyto-
plankton coincided with 30D decreases at.all three transects. These
decreases were more severe and times slightly later at transect 1 than
farther south (Figs. 84-86).

Within the euphotic zone, summer BOD concentrations equaled or exceeded
spring levels (Fig. 85) whereas below the euphotic zone, summer concentra-
tions tended to average about half the spring means (Fig. 8). These dif-
ferences are consistent with mean PON (Fig. 78) and POC (Fig. 81) concentra-
qions and suggest that increased bacterial production and metabolism below
the euphotic zone during the summer tends to maintain BOD at relatively low
levels and/or the flux of particulate BOD to deep water decreases during
summer conditions.

Total mean BOD concentrations over the flanks exceeded those over the
main channel from late April through mid-October (Fig. 87). Apart from the
period 6f mid-May to early June when east flank BUD concentrations were
higher than to the west, there were no consistent differences in east and
west flank BOD means.

Mean total BOD within the euphotic zone reflected the spring phytoplank-
ton biomass maximum and high summer phytoplankton production (Fig. 88).
Following the May phytoplankton decline, euphotic zone BOD increased into the
summer, reaching concentrations higher than during the spring peaks. Parti-
culate BOD within the euphotic zone changed in concert with total BOD, but it
usually comprised a smaller portion of total BOD in the summer than it did in
the spring (Figs. 88 and 89) comprising as little as 30 to 40% of total

euphotic zone BOD in July and September (Fig. 89B).
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east flank ) of Chesapeake Bay during 1985. Means include
data from within and below the euphotic zone.
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Figure 88.

Medn total BOD-5 (closed symbols) and particulate BOD-5 (open
symbols) in the mesohaline portion of Chesapeake Bay during
1985. Circles represent values within the euphotic zone and
triangles represent values beneath the euphotic zone. Means
include data from all three lateral transects.
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Figure 89. Comparisons of mean particulate BOD-5 with mean filterable BOD-5
(A) and % of total BOD-5 comprised of particulate BOD-5 (B) in
the mesohaline portion of Chesapeake Bay during 1985. Values
are means of data from all three lateral transects. Symbols:
(@) particulate BOD-5 within the euphotic zone; (A) filterable
BOD within the euphotic zone; (0) particulate BOD-5 beneath the
euphotic zone; (A) filterable BOD-5 beneath the euphotic zone;
(W) % particulate BOD-5 within the euphotic zone; D %
particulate BOD-5 beneath the euphotic zone.
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Below the euphotic zone, the shift in the proportion of particulate BOD
to total BOD was even more striking (Figs. 89A and 89B). From mid-June into
October, dissolved BOD was about double the particulate BOD (Fig. &9A).
Particulate BOD below the euphtotic zone during this time period accounted for
no more than 20 to 407 of the total BOD (Fig. 89B).

Mean particulate BOD (Fig. 89A) below the euphotic zone remained
reasonably constant through the summer while POC exhibited an increasing
trend (Fig. 81). For example, particulate BOD accounted for about 357 of POC
in late June but only about 15% of POC in mid-September.

During the summer, mean 7 PBOD/POC averaged 51% within the euphotic zone
(n=34), 26% within the region of the pycnocline (n=23), and 18% beneath the
pycnocline (n=18). We suspect that most of the particulate organic material
which reached the deep water below the pycnocline during the summer is either
reasonably refractory or is composed of relatively large material which
rapidly sinks to the bottom and is metabolized in the sediments. Therefore,
bacteria in the deep water are likely supported chiefly by dissolved organic
matter. This contention is supported by the fact that FBOD below the
euphotic zone comprises about 2/3 or more of total BOD there and that the
mean ratios of euphotic zone FBOD : below euphotic zone FBOD does not differ
by more than 10Z from the ratios of euphotic zone bacterial abundance : below
euphotic zone bacterial abundance over the summer. Thus, the summer pattern
of bacterial abundance (see e.g. Figs. 26, 27, and 33) can be explained to a

first approximation in terms of FBOD.

1984 AND 1985 INTERANNUAL CONTRASTS - MICROBIOLOGY

As we have discussed earlier in this report, 1984 and 1985 were sharply
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contrasting years in terms of rainfall, water column stability (Figs. 16 and
21), surface salinity (Fig. 16), and oxygen regime (Fig. 9). We have also
documented differences in phytoplankton biomass during the summer seasons of
the two years (Fig. 19), marked by substantially higher standing stocks in
1984 than in 1985. However, average summer phytoplankton production was
comparable in both years. In this section, we compare bacterial parameters.

Microheterotrophs

Comparisons of bacterial parameters between the summers of 1984 and 1985
are difficult to make due to the differing boundaries of the study areas
investigated, frequency of cruises, and time spans covered. For example, we
have found and reported herein differences in a north to south direction in
1985 while no apparent differences existed over the more limited north to
south range of the 1984 study. Furthermore, bacterial parameters were
measured beginning only in late summer (20 August) of 1984. Were we able to
match time periods for the two years, we would have at best 1985 data from
only the September cruise. Fortunately, we observed similar patterns in the
bacterial parameters during summer conditions in both years, namely high
values near the surface and decreasing with depth (e.g. Figs. 26, 27,

44, 55, and 56). Therefore, we compare here data for transect 2 (Choptank
transect) for the period 8 August to 11 September 1984 and 11 July to 12
September 1985 when the "typical" summer patterns were observed.

Bacterial abundances were remarkably similar in both years, particularly
below the euphotic zone (Table 8). Therefore, despite higher phytoplankton
biomass in 1984 than in 1985, there appeared to be sufficient organic carbon

input below the euphotic zone in 1985 to support a high bacterial biomass
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Table 8. Cowmparison of the means of key bacterial parameters measured
during summer conditions in 1984 (cruises 11-18, 8/20/84 to

9/11/84) and in 1985 (cruises 10-13, 7/11/85 to 9/12/85).

EUPHOTIC ZONE BELOW EUPHOTIC ZONE
BACTERIAL PRODUCTION* 2.92 x 108 (“84) 1.92 x 108 (“84)
(cells L~} n~1) 5.32 x 108 (“85) 3.08 x 108 (°85)
BACTERIAL ABUNDANCE 1.37 x 1010 (-84) 8.44 x 109 (“84)
(cells L71) 1.09 x 1010 (-83) 7.02 x 107 (°85)
BACTERIAL TURNOVER 0.52 (°84) 0.55 (784)
@b 1.17 (°85) 1.05 (”85)
0,, CONSUMPTION 1.48 (°84) 1.04 (°84)
(mg L1 471 1.31 (°85) 1.02 (°85)
0, CONSUMPTION™ " 1.64 (°84) 1.07 (°84)
(mg L1 a7y 1.34 (°85) 0.92 (“85)

*Based upon 2x1018 cel1s produced mo1~! 3x thymidine incorporated.
**Based upon bacterial abundance according to the relationship given in

Figure 72.
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nearly equal to that found in 1984,

Bacterial production increased in summer 1985 compared to 1984
(Table 8). The magnitude of this increase was 825 within the euphotic zone
and 607 beneath it, resulting in doublings of summer bacterial turnover rates
(biomass specific growth rates) in 1985 compared to 1984. We suggest that
this increase in bacterial production and turnover may have been caused by
increased predation pressure on the bacterial community in 1985 as appears to
have occurred with phytoplankton. Thus, widespread anoxia, such as in 1984,
may exert a major influence on predation of both phytoplankton and bacterial
‘communities.

Directly measured oxygen consumption rates were also similar in 1984 and
1985, particularly below the euphotic zone (Table 8). Within the euphotic
zone where oxygen consumption is unimportant to deep water oxygen depletion
since oxygen is replenished by phytoplankton, directly measured oxygen con-
sumption averaged only 11Z lower in 1985 than in 1984. Comparable oxygen
consumption values were found by calculating oxygen consumption from average
bacterial abundances (Table 10, Fig. 73). 1In this case, oxygen consumption
rates decreased 197 within the euphotic zone and 147 below it.

We conclude that despite major differences in climatic conditions and in
the oxygen regime between 1984 and 1985, the bacterial parameters, including
oxygen consumption rates, were remarkably similar under summer conditions in
both years. These similarities, in concert with nearly identical phytoplank-
ton production in both years, suggest that a major ecological shift has
occurred in the mesohaline portion of Chesapeake Bay during the summer (and
perhaps the spring as well) such that a large portion of phytoplankton

production is processed directly by pelagic microheterotrophs rather than by
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higher organisms. This implies that the extent and duration of anoxia in the
Bay is determined not by major differences in biological parameters but
rather by oxygen replenishment into deep waters which in turn is a function
of physical factors such as water column stability, freshwater flow, pycno-
cline tilting, and wind mixing. The existing biological conditions are such
that we expect widespread anoxlia to occur whenever the appropriate physical
conditions obtain.

The Role of Sulfur Cycling

As we have recounted earlier in this report, sulfur cycling can also be
a major mechanism for oxygen depletion in the mesohaline reaches of
Chesapeake Bay. Although not a part of the Sea Grant/EPA study, we feel it
appropriate to discuss briefly the results of ongoing sulfur cycling studies

which have been conducted during 1984-1986 (Tuttle, unpublished) within the

study area of the 1985 Sea Grant/EPA investigation.

Hydrogen sulfide is produced during the metabolism of organic matter by
obligately anaerobic sulfate-reducing bacteria. In the mid-Bay, this process
appears to be most intense in deep channel anoxia sediments. Rates of sedi-
ment sulfate reduction measured during 1984 and 1985 indicate that sulfide
production in the channel sediments increased throughout the late spring and
summer, reaching a peak in mid-September in both years. This implies not
only that sulfate reduction is highly temperature-dependent (maximum bottom
water temperatures peaked during the August-September period of both years),
but that it may be strongly influenced by the accumulation of organic matter
from the annual summer phytoplankton maximum in the sediments. During April

to November 1984, sulfide production in deep Bay sediments averaged 75 mmol
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22 d7! and in 1985, the average rate (68 mmol n 2 d7l) was comparable.
Therefore, we conclude that despite the decreased phytoplankton biomass
during summer 1985, sufficient organic matter reached the sediments to
support a rate of sulfate reduction similar to that found the previous vear.
Oxygen consumption results when sulfide is oxidized (see eq. 2). 1If the
water column is not anoxic, as was the case during much of 1985 (Fig. %),
then sulfide oxidation in surficial sediments contributes to sediment oxygen
demand. When the water column becomes anoxic, sulfide rises to the pycno-
cline where it is oxidized within as narrow depth band (ca. lm) in which
oxygen and sulfide coexist. Rates of water column sulfide oxidation measured
in 1984 and in 1985 near the pycnocline during anoxic events gave average
oxygen consumption rates of 9 mg 0, 17! h"l. When the water column is not
anoxic, mean microheterotroph oxygen consumption below the euphotic zone is
about 1 mg 0, 17! 7! (Table 8). However, microheterotrophic oxygen consump-
tion is not limited to a narrow band, but occurs throughout the deep water.
If we integrate over an average hypoxia thickness layer of 10 m (Fig. 15),
then water column oxygen consumption by microheterotrophs is comparable to

that due to sulfide oxidation.
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