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The Columbia River Estuary was sampled during high (May-June), intermediate

(July), and low (September-October) river flow seasons to further define the role of the

ETM with respect to its effect on primary biomass and production, and to discover how

this effect changes in space and time.

Strong ETMs were determined to be largely near-bottom phenomenon resulting

in decreased values of % chlorophyll a (CM 1.) and potential production per unit of

chlorophyll a. Moderate ETMs also resulted in decreased values of % Chi a but

increases were seen in values of overall concentration of pigment and potential

productivity per unit of chlorophyll a; indicating the moderate ETMs retained some

photosynthetically active cells and pigments.

Seasonal differences were noted as values of the Chi a per unit of particulate

organic carbon (CM a/POC) and % CM a were highest during May-June, suggesting a

spring bloom pattern with the onset of longer, sunnier days. Potential production,

however, was highest during mid-summer (intermediate river flow) coinciding with the

emission of maximum solar radiation. Increases in salinity had a deleterious effect on



values of % Chi a during the low and intermediate river flow seasons, but had no effect

on these values during the high-flow season.

Spring- and neap-tide temporal patterns indicate periods of maximum salinity

gradients were commensurate with near-uniform particle properties throughout the water

column, while periods of weakened salinity gradient were commensurate with a

distinction between bottom and surface particle properties. These results may be

attributed to various physical properties of the water column other than changes in

salinity alone.
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SEASONAL AND TIDAL INFLUENCE OF THE ESTUARINE TURBIDITY
MAXIMUM ON PRIMARY BIOMASS AND PRODUCTION IN THE COLUMBIA
RIVER ESTUARY

INTRODUCTION

The Columbia River itself is approximately 1950 km long, and is part of the

Columbia-Snake watershed which drains a region of roughly 665,000 km2 (Sternberg

et al., 1977; Simenstad et al., 1990). This drainage basin includes regions from

seven states in the U.S. and two provinces in Canada. The river system is the largest

on the western coast and the second largest on the North American continent [annual

discharge is approximately 58% of the Mississippi River (Lara-Lara et al., 1990)].

The flow of the Columbia is dictated by precipitation, runoff, and dams, with flow

being highest from May to July due to runoff from melting snow in higher elevations

of the drainage basin.

The Columbia River Estuary (CRE) is a transition zone where riverine water

is introduced to the ocean. Upon contact with oceanic waters, the fresh river water

occupies the near-surface depths as the denser saline water enters the estuary along

the bottom. The contact and interaction of these distinctly different water masses

often creates an estuarine turbidity maximum (ETM).

The ETM in the CRE is a region of high suspended particle concentration,

caused by resuspension and trapping, and is the dominant feature of the suspended-

sediment concentration field in the estuary (Jay et al., 1990; Sherwood and Creager,

1990). The ETM is known to be a dynamic, unsteady feature with variations

occurring in its position within the estuary and in its concentration of suspended

particulate matter (SPM). Such variations occur on semidiurnal, fortnightly and
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seasonal time scales coinciding with changes in tidal forcing and volume of

discharge (Gelfenbaum, 1983; Jay et al., 1990; Sherwood and Creager, 1990).

Past investigations regarding the biological components of the CRE have

mainly focused on broad-scale measurements throughout the estuary or on

commercial fish species (Haertel and Osterberg, 1967; Haertel, 1970; Durkin, 1982;

McCabe et al., 1983; Bottom et al., 1984; Bottom and Jones, 1990). Several more

recent studies have focused on the changes in primary producer biomass and activity

as riverine water is transported toward the ocean (Lara-Lara et al., 1990a,b; Small et

al, 1990). However, little is known about the composition of the CRE-ETM, and the

role this ETM might play in regulating the primary producers and other particulate

biogenic components of the estuary. As the ETM is associated with the large

gradients in physical and chemical properties that characterize the interface between

the river and ocean, the ETM is expected to be a region of maximum biological

transformation in the estuary. The purpose of this study is to further define the role

of the ETM with respect to its effect on primary biomass and production, and to

discover how this effect changes in space and time.



METHODS

1. SAMPLING STRATEGY

As the major characteristics to be studied in the Columbia River Estuary were

the ETM and its effect on primary production, sampling periods and locations were

scheduled 1) to examine changes in selected ETM and production attributes with

seasons, neap and spring tides, and ebb and flood periods, and 2) to compare these

attributes within ETMs and under non-ETM conditions.

The study site, in the vicinity of Buoy 39, is located at River Mile 15 in the

main (south) channel of the estuary (46012'03" N, 123049'05" W) (Fig. 1). The

duration of each time series at the study site in September-October 1990 and July

1991 was 30 hours, with water sampling occurring every 2 hours. In May-June

1992, a 14 hr series (water sampling occurring every hour) and a 120 hr spring-to-

neap-tide transition series (water sampling every 2 hours) were performed. The

study site for the 120 hr series was also in the south channel, but approximately at

River Mile 14.5 (Buoy 37). Samples were taken in the water column at three depths:

"Bottom" (approximately 0.5 m off the bottom of the estuary, and between 13.01-

14.84 m below the surface in the September-October 1990 cruise, 14.99-15.01 m

below the surface in the July 1991 cruise, and 9.95-23.88 m below the surface in the

May-June 1992 cruise); "Middle" (approximately the middle of the water column);

and "Surface" (1.06-1.38 m below the surface in September-October 1990, 0.39-0.46

m below the surface in July 1991, and 0.79-1.45 m below the surface in May-June

3



Figure 1. The Columbia River Estuary
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1992). In most cases samples taken from the middle depth tended to fall predictably

between surface and bottom values of measured quantities, and subsequently were

not considered in this thesis. Trends developing in the system were just as apparent

when only the extreme depths (bottom and surface) were examined. In the case of

primary production, however, measurements at the middle depth sometimes did not

fall between surface and bottom values, and thus are reported herein.

The cruises were scheduled aboard the Research Vessel Robert Gordon

Sproul, out of the Scripps Institution of Oceanography, for the season of low-river

flow (September-October 1990), an intermediate-flow period (July 1991), and the

high-flow season (May-June 1992). During the low-flow season, saline oceanic

waters can protrude farther into the estuary as the volume of water flowing down the

Columbia River is at a minimum (approximately 3,000 to 5,000 m3/s; Jay and Smith,

1990). During the high-flow season, output from the Columbia is substantially

increased as larger volumes of fresh water (approximately 8,000 to 17,000 m3/s) and

river material are transported into the estuary. The result during high river flow is an

increase in the net seaward flow of less-dense fresh water in the upper layers of the

water column (Gelfenbaum, 1983). The intermediate-flow season is characterized by

moderate output from the Columbia (6,000 to 8,000 m3/s) and a subsequent

shallowing in these freshwater layers as the landward flow of dense salt water near

the bottom is increased and extended upward in the water column.

Within each seasonal sampling period, spring and neap tides occurred, and

sampling was designed to adequately assess variations due to these spring and neap
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sequences. During spring tides, when the height difference between lowest and

highest tides is greatest, estuarine flow velocities are also greatest (Gelfenbaum,

1983). The 1990 spring-tide data set consisted of samples collected from five time

series (Columbia River Estuary Spring [CRES] 1-1, 1-2, 1-3, 2-1, 2-2), the 1991

spring-tide data set consisted of samples from one spring series (CRES 1-3), while in

1992 spring-tide data were collected in the 14 hr series (CRES 1-1) and the first 24

hours of the 120 hour spring-to-neap-tide transition series (CRESN 1-1). Conversely,

the range of tidal heights during neap periods is at a minimum, with decreased flow

velocities. Both the 1990 and 1991 neap-tide data sets consisted of samples taken

from one time series in each year (Columbia River Estuary Neap [CREN] 1-1 in

1990 and CREN 1-5 in 1991). The high-flow neap-tide data set was derived from

the last 24 hours of the spring-neap transition series (CRESN 1-1).

Finally, within each spring- and neap-tide period were ebb and flow

sequences. During the ebb period, the ocean water recedes, allowing the riverine

water to protrude farther into the estuary. Ebb tides can be characterized by two

phases for our purposes: the time of elevated ebb velocity, and the time of

maximum ebb slack before tidal reversal to flood tide. The times of maximum ebb

slack during each sampling series were taken to be the times of lowest tide height in

each flood-ebb sequence, although the effects of ebb slack on particle attributes were

not always exactly coincident with the times of lowest tide height. The times of

elevated current velocities on each ebb tide were judged from the SPM and salinity

profiles for those ebb tides. During the flood-tide period, the ocean water extends
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maximally into the estuary, and the riverine water is constrained further upriver. The

flood period also can be characterized by two phases: the time of elevated flood

velocity (judged by SPM and salinity profiles during flood tide), and the time of

maximum flood slack before tidal reversal to ebb tide (the time of highest tide

height).

2. TECHNICAL AND ANALYTICAL METHODS

A CTD-pump carousel fitted with an optical backscattering system (OBS) was

lowered off the RJV Sproul during each sampling time. The CID provided

information on temperature, salinity, and depth, and the OBS unit yielded a measure

of turbidity created by the suspended particulate matter (SPM) at each depth. In

cases where SPM was not actually measured, the OBS data were converted to SPM

concentrations which then were used to defme the ETM.

All water samples were collected from the pump stream in brown Nalgene

plastic bottles, after the water had first been run through a prescreen to eliminate

larger particles and organisms. A 400 um prescreen was used in the 1990 and 1991

seasons, while a 250 urn prescreen was used in 1992. Comparative filtration showed

no differences in measured quantities passing through the two prescreens. Nitrate

levels were determined on previously frozen samples with a Technicon Auto

Analyzer (Atlas et al., 1971). Chlorophyll a content was determined by the

fluorescence technique after extraction in 90% cold acetone solution (Strickland and

Parsons, 1972). In our sampling scheme, approximately 100 ml of water were
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filtered through a Whatman GFF filter (0.7um). The material on the filter was then

extracted in the acetone solution in the dark for 4 to 24 hours. Preliminary

experiments indicated that extractions within this time period yielded consistent

results. The filtrate was again filtered through an additional OFF filter to remove

any small particles accumulated during extraction. An initial fluorescence

measurement was obtained on each filtrate using a Turner Designs Fluorometer, after

which 2 drops of 3N HC1 were added to each sample and an additional fluorometric

reading was taken. The acid addition converts all photosynthetically active

chlorophyll a (Chl a) to non-photosynthetically-active phaeophytin a. The difference

between the initial fluorescence and the fluorescence after addition of the acid

indicated the amount of CM a present. After adjustments were made for the acetone

dilution factor and the initial water volume filtered, exact concentrations of Chi a

(ug/L) were obtained (Strickland and Parsons, 1972). Particulate organic carbon and

nitrogen (POC,PON) were determined on material filtered through a GFF filter,

stored at 0°C in the dark on board ship and analyzed in the shore-based laboratory

on a Perkin-Elmer 240C Elemental Analyzer. The analyses were calibrated using

acetanilide and chlorodinitrobenzene.

An index was developed using the herbicide DCMU (3-(3,4-dichloropheny1)-

1,1-dimethylurea) to measure potential for primary production in non-extracted water

samples. DCMU blocks the transfer of excitation energy between Photosystems

and I, resulting in the fluorescence of this "excess" energy out of the cells. The

intensity of this fluorescence has been used as a measure of the potential of the cells
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to complete the photosynthetic "light reaction" (Samuelsson and Oquist, 1977;

Samuelsson et al., 1978, Cullen et al., 1986). Our shipboard procedure involved an

initial fluorometric reading [F(INITIAL)] on an untreated 9 ml sample of water, after

which 1-2 drops of a saturated solution of DCMU in distilled water were added to

the sample. The sample was then mixed to disperse the herbicide, and a second

reading was taken on the fluorometer [F(DCMTJ)]. A simple calculation was

performed to obtain an index of enhanced fluorescence which varied between zero

and one:

DCMU index = [F(DCMU) - FONITIALWF(DCMU).

In this formulation, the higher the ratio, the higher the potential for photosynthesis.

A variation of the DCMU index was also examined, in which the

fluorescence of photoactive chlorophyll a only [F(Chl a)] was substituted for

[F(INITIAL)] and the enhanced fluorescence value [F(ENH.Chl a)] was substituted

for [F(DCMU)]. The [F(INITIAL)] and [F(DCMU)] measurements included

fluorescence from total pigment present in each sample; i.e., chlorophyll a plus

phaeopigments (mainly phaeophytin a). While DCMU does not enhance

fluorescence in phaeophytin a, the original fluorescence signal from this pigment was

still present in the [F(DCMU)] measurement. Hence, to calculate [F(ENH.Chl a)],

this constant phaeophytin a signal was subtracted from the DCMU- enhanced

fluorescence value.

The alternate index also varied between zero and one, and was expressed as:

DCMU alt. index = [F(ENH.Chl - F(Chl a)]/F(ENH.Chl a)].
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The hypothesis was that this alternate index would not vary much over a wide range

of conditions, because of the presumed tight coupling between photoactive

chlorophyll a and the action of DCMU; that is, photosynthetic utilization of light

energy in the "light reaction" is mediated solely by chlorophyll a, and the release of

some of that energy from chlorophyll a molecules as fluorescence is rather invariant

when triggered by DCMU. However, because [F(INITIAL)] is based on total

pigment, not just chlorophyll a, the DCMU index using F(INITIAL) should vary with

the percentage of chlorophyll a in the total pigment of each sample. If this is

basically true, then the relative potential productivity of any sample might be

reasonably estimated from the percentage of chlorophyll a in total pigment. This

hypothesis will be examined herein.

A second measurement of potential productivity was performed using

radioactive carbon-14 (C-14) as a tracer of CO2 fixation in the photosynthetic "dark

reaction" (Strickland and Parsons, 1972). C-14 experiments were performed on two

series in 1990 (CRES 1-2 and CREU 1-1 [a sampling station 85 km upriver from the

estuary mouth, and representative of zero-salinity water at all times]), two series in

1991 (CRES 1-3 and CREN 1-5), and one series in 1992 (CRESN 1-1). In our

experiments, 2.5 uCi of C-14 labeled sodium bicarbonate solution were added to

approximately 250 ml of water sample with its endemic phytoplankton assemblage.

Two light bottles (LB) and one opaque (dark) bottle (DB) were incubated for 3-4

hours for each depth (bottom, middle, and surface). Incubation was performed in an

on-deck, flow-through tank with a halogen light source delivering approximately 450
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uE/m2/sec of photosynthetically active radiation at each bottle surface. This light

flux was approximately that available to phytoplankton at the surface depth under

full sun, and was assumed to be saturating for primary production in the Columbia

River Estuary. Experiments were performed during daylight and night-time periods

under the same light regime, so computed primary production rates were actually

potential rates for the given saturating light intensity. This scheme was adopted in

order to remove, as much as possible, any effects of the fluctuating natural light

field, and to allow night-time rate measurements. The C-14 production rate data

were calculated every 4 hours in a given sampling sequence, as opposed to the 2-hr

sampling period for chlorophyll extractions and DCMU-enhancement readings. The

4-hr interval was dictated by the 3-4 hr incubation period.

After incubation, 100 - 150 ml of the contents of each LB and DB were

filtered through separate cellulose acetate filters (0.45 urn nominal pore size). The

filters were placed in vials containing 10 nil of Aqualyte Plus liquid scintillation

cocktail (Baker Analytical Reagents). These vials were then stored in the dark on

the ship until completion of the cruise. The radioactivity of the samples was

determined in a Beckman Scintillation Counter, in a shore-based laboratory.

Disintegrations per minute (dpm) of the C-14 in cells in the two light bottles

were averaged, and primary production rates (P, as mgC/m3/hr) were determined by

the equation:

P {[R(L) - R(D)] x W x 1.05} / (R x N)

where R(L) and R(D) are the activities in dpm of samples from the light and dark
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incubation bottles, respectively; R = the total C-14 activity of bicarbonate added; N =

hours of incubation; 1.05 is an adjustment factor to account for atomic-weight-based

selection against C-14 relative to C-12; and W is the total CO2 concentration in the

water (mmoles/L) multiplied by 12,000 (to convert mmoles/L to mgC/m3).

Total CO2 concentrations for the calculation of W were obtained from total

alkalinity (TA) and carbonate alkalinity (CA) calculations (Strickland and Parsons,

1972):

TA (meq/L) = [(2.31-1.00)/33.9] x salinity (ppt) + 1.00.

CA (meq/L) = TA - 0.01.

CA values were then used to estimate total CO2 (mmoles/L) available for

photosynthetic "dark reactions", when multiplied by a small salinity-determined

adjustment factor (ranging from 0.97 at 29.1-32.0%o to 1.02 at 0.0 -6.9%o).



RESULTS AND DISCUSSION

1. GENERAL RELATIONSHIPS AMONG ATTRIBUTES

OBS measurements were converted into concentrations of suspended

particulate matter (SPM, as mg/L) using the relationship:

OBS = 0.92SPM + 0.22 (R2 =.920).

The relationship was based on the dry weight of particulate samples (n=48) taken

from a variety of depths and locations throughout the estuary for which paired OBS

measurements were available. Both measured and calculated SPM concentrations

were used to define the ETM as strong (SPM>100mg/L) or moderate (SPM between

50-100mg/L). Concentrations less than 50 mg/L were not considered to be from an

ETM.

There also was a strong correlation between SPM and POC (Fig. 2):

POC = .049SPM + .142 (R2=.865).

This relationship was derived using measured values of POC and SPM (both bottom

and surface depths) from the Buoy 39 location in all three sampling seasons. The

relationship obtained between POC and PON, utilizing these same data points, was

also very strong (Fig. 3):

PON = .126P0C + .022 (R2=.970).

The consistency of the above relationships through time and space indicated that

POC, PON, and SPM can be used interchangeably to define ETM or any other

particle concentration in the estuary.

13



Figure 2. Spring- and neap-tide POC vs SPM values of bottom and surface depths
of low-, intermediate-, and high-flow seasons from Buoys 39 and 37;
POC=.049SPM+.142 le").865.
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Figure 3. Spring- and neap-tide POC vs PON values of bottom and =face depths
of low-, intermediate-, and high-flow seasons from Buoys 39 and 37;
PON=.129P0C+.022 R27.1.970.
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2. VARIABLE RELATIONSHIPS AMONG ATTRIBUTES

A). Chi a vs. POC

The relationship between chlorophyll a and POC was compared in bottom

samples for both spring and neap tides, during the low-, intermediate-, and high-flow

seasons (Figs. 4,5). There were seasonal differences as well as differences by tidal

phase. Concentrations of chlorophyll a near the bottom during spring tide were

highest in the early summer (high-flow season, 1992), and lowest in the late

summer/early fall (low-flow season, 1990) at comparable POC concentrations (Fig.4);

thus, CM a/POC was about 10 times higher in early summer (1992) than in early fall

(1990) (Fig.4A,C). Mid-summer (1991) Chi a/POC ratios (Fig.4B) were about 3

times higher than those in fall 1990. The high concentrations of chlorophyll a in the

1992 season reflected a spring phytoplankton bloom initiated by the onset of longer

days of higher solar radiation flux in May-June. The strongest ETMs occurred in the

low-flow season, as the most elevated bottom POC values were recorded at that time

(Fig. 4A). Moderate ETMs were noted in all seasons, and produced CM a values

higher than those under non-ETM conditions, but lower than those associated with

strong ETMs.

In the surface waters during spring tides POC values generally were much

lower than at the bottom depth (range of about 0.3-2.3 mg/L over all seasons), and

there was no significant relationship between Chl a and POC regardless of time of

year (not illustrated). As POC is a component of SPM (and subsequently the ETM),

the absence of elevated POC levels in the surface waters strongly indicated that the



Figure 4. Spring-tide relationships between chlorophyll a (ug/L) and particulate
organic carbon (POC, mg/L) at the bottom depth for the (A) 1990 low-flow
season, y=1.767x+3.505, R2=0.752; (B) 1991 intermediate-now season,
y=5.629x+10.367, R243.764; (C) 1992 high-flow season, y=28.980x+2.200,
R2 3.945. SPM concentrations in the ETM are indicated by the symbol
shading, (=strong ETM, (=moderate ETM, O=no ETM).
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Figure 5. Neap-tide relationships between chlorophyll a (ug/L) and particulate
organic carbon (POC, mg/L) at the bottom depth for the (A) 1990 low-flow
season, y=8.386x+1.682, R2=0.746; (B) 1991 intermediate-flow season,
y=13.264x+6.142, R2=0.982; (C) 1992 high-flow season, y=31.153x+11.097,
R2=0.901. SPM concentrations in the ETM are indicated by the symbol
shading, (A=strong ETM, =moderate ETM, e=no ETM).
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ETM is a near-bottom phenomenon with respect to POC (and also with respect to

PON). The surface values of CM a/F'OC were similar to those in the bottom depth

under non-ETM conditions, suggesting no ETM effect on the CM a/POC ratio in

surface waters.

During neap tides in bottom samples, higher concentrations of chlorophyll a

generally occurred at lower POC concentrations compared to spring-tide bottom

samples (Fig.5). This relationship may have been a result of reduced tidal velocities,

which allowed more rapid sinking of surface-produced phytoplankton high in

chlorophyll a and/or reduced the suspension of bottom sediments relatively low in

chlorophyll a and high in POC. One strong ETM was noted in the intermediate-flow

season, and several moderate ETMs were noted in the intermediate- and high-flow

seasons (Fig. 5B,C). As with the spring-tide samples, there were no significant

relationships between CM a/POC in surface waters during neap tides. In addition,

surface POC values remained far below even the moderate ETM designation.

The above-mentioned linear regressions are not necessarily representative of

Chi a/POC ratios at near-zero concentrations of POC, as this relationship should

progress through the zero-zero intercept. The spring-tide relationship in 1991 (Fig.

4B) and the neap-tide relationship in 1992 (Fig. 5C) were particularly suspect at very

low POC concentrations, as y-intercept values were well above zero.

B). %Chl a vs POC

The percentage of total plant pigment that was chlorophyll a (%Chl 2.) was

plotted against the POC values for combined spring and neap tides in all seasons
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(Figs. 6,7,8). The results indicated a seasonal difference in chlorophyll a levels, as

highest %Chl a values (and thus lowest percentages of phaeopigments) were obtained

in early summer (1992), and lowest %Chl a values in fall (1990), at corresponding

POC concentrations. In all seasons, % Chi a was low in the ETM, and reasonably

invariant in the ETM by season regardless of POC concentration (Figs. 6A,7A,8A).

The % Chl a values in moderate ETMs were intermediate between those values in

strong ETMs and non-ETM conditions. Surface waters never exhibited an ETM

(Figs. 6B,7B,8B), but nevertheless had variable % Chl a values (similar to those

values in bottom waters with weak or no ETMs). It is possible that some of the

variability in % CM a in surface waters was ETM-related; that is, a bottom ETM

might have had an effect on surface % Chl a even though particle concentrations at

the surface remained low.

C). %Chl a vs Salinity

Because salinity has been postulated as a major controlling factor on primary

biomass and production in the CRE (Haertel, 1970; Lara-Lara, 1983; Small et al.,

1990), surface and bottom values of %Chl a for spring tides at Buoy 39 were plotted

against salinity at Buoy 39 (Figs. 9,10,11). Also included in these plots were the

mean surface and bottom %Chl a values from a sampling station (CREU) 85 km

upriver from the estuary mouth, and representative of zero-salinity water at all times.

During the low-flow season, the major changes in % Chi a occurred when freshwater

phytoplankton cells (at CREU) encountered water _ 1700 salinity at Buoy 39 (Fig.

9A). In Fig 9B the data from Fig 9A have been resolved as means plus or minus
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Figure 9. Effect of salinity on % CM a during the low-flow season. (A) Individual
spring-tide values for both surface (e) and bottom (0) depths at Buoy 39, and
surface (El) and bottom (0) depths at the CREU station (85 km from the river
mouth). (B) Individual values of % CM a at Buoy 39 resolved to their means
t1 standard deviation. At salinities 51%o, the means and standard deviations
are given as parallel lines covering the range of salinities at the surface and
bottom. Salinity values from the CREU station are always 0%o; however, the
mean % CM a values (+1s.d.) corresponding to 0700 at CREU are graphically
offset from 0700 for clarity in both panels.
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Figure 10. Effect of salinity on % CM a during the intermediate-flow season. (A)
Individual spring-tide values for both surface (A) and bottom (0) depths at
Buoy 39, and surface (0) and bottom (0) depths at the CREU station (85 km
from the river mouth). (B) Individual values of % Chi a at Buoy 39 resolved
to their means +1 standard deviation. At salinities <1%0, the means and
standard deviations are given as parallel lines covering the range of salinities
at the surface and bottom. Salinity values from the CREU station are always
0%0; however, the mean % CM a values (+1s.d.) corresponding to 0%0 at
CREU are graphically offset from 0%0 for clarity in both panels.



100

80

0 6

0 40
400 `)

20

100

80

0 60

_C0 40

20

Figure 10.

1991

0

01 10 20
Salinity (ppt)

1

B.

cb

A.

30

29

10 20 30
Salinity (ppt)

1r surface
bottom



30

Figure 11. Effect of salinity on % CM a during the high-flow season. (A)
Individual spring-tide values for both surface (A) and bottom (0) depths at
Buoy 37, and surface (0) and bottom (0) depths at the CREU station (85 km
from the river mouth). (B) Individual values of % CM a at Buoy 39 resolved
to their means ±1 standard deviation. At salinities sWoo, the means and
standard deviations are given as parallel lines covering the range of salinities
at the surface and bottom. Salinity values from the CREU station are always
0%o; however, the mean % CM a values (+1s.d.) corresponding to 0%0 at
CREU are graphically offset from 0700 for clarity in both panels.
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one standard deviation. The mean surface and bottom % CM a values at salinities of

1%0 or less were 51.51±8.10 and 42.76±8.33, respectively. The difference in surface

and bottom means was due to the increase of phaeopigment at bottom depths as

either moribund cells and fecal material from zooplankton grazing settled out of the

upper water column, or as bottom material changed pigment composition in situ over

time. It should be noted that the mean surface and bottom CREU indices, from

totally fresh water, were, respectively, 73.39+4.86 and 71.52±5.86. These CREU

percentages were higher and statistically distinguishable (p=0.05) from the mean %

Chi a values in water of 1%0 or less at the Buoy 39 station. These results suggested

that freshwater species of phytoplankton were abundant in the water column, and

minor increases in salinity had a deleterious effect on their photopigments.

At salinities greater than 1%0 the mean %Chl a value for the Buoy 39 surface

depth was 44.80±5.04 (over a 1-10%0 salinity range) while the bottom depth

registered 38.76+8.79 (over a 1-21%0 salinity range, Fig. 9B). These means were

statistically indistinguishable (p=0.05) suggesting increased similarity in pigment

composition between depths in water above 1%0 salinity. Although separating the

Buoy 39 data into two sets (51%0 and >1%0) was somewhat arbitrary, it nevertheless

illustrated the pattern of decreasing photosynthetic potential as freshwater cells first

encounter some salt (5_1%0) and then are subjected to increasing salinity (>1%0) as

they are transported through the estuary.

According to Haertel (1970), the phytoplankton found in this system are

largely freshwater species characteristic of eutrophic lakes (Melosira sp2., Fragilaria
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crotonensis, Asterionella formosa, Stephanodiscus astrea, and Synedra ulna). Marine

species are also present; however, their contribution to total estuarine plankton

numbers was slight in the Haertel (1970) study. In the vicinity of Buoy 39 during

the low-flow season Amspoker and McIntire (1986) and Small et al. (1990) identified

mainly freshwater and brackish-water phytoplankton. The % CM a data from this

low-flow season supported these past findings (Fig. 9). Marine or brackish-water

cells transported along the estuary bottom in the salt intrusion during flood tide

probably were less abundant than freshwater cells transported in fresh surface water,

and the marine cells might have been out of the euphoric zone long enough to lose

some of their chlorophyll a by the time they reached Buoy 39.

During the intermediate-flow season in 1991, the same pattern between %Chl

a and salinity was observed (Fig. 10A), but mean %Chl a values were higher at

comparable salinities in 1991 than in 1990 (Fig. 10B). At the CREU station in 1991,

mean %Chl a values were 78.52+4.60 and 76.52±2.80 at the surface and bottom

depths, respectively. At salinities of Woo or less at Buoy 39 the mean surface and

bottom %Chl a values were, respectively, 74.70+3.72 and 65.14±3.50, while at

salinities greater than 1%o these values were 66.21+6.79 (salinity range approximately

1-5%o) and 60.40±3.50 (salinity range approximately 1-25%o).

During the high-flow season at Buoy 37 in 1992, % CM a values were the

highest recorded (Fig. 11A). Some surface samples yielded 100% CM a, suggesting

extremely high potential of the particle field to perform photosynthesis. At the

CREU station, mean %Chl a values were 85.34+8.03 and 85.31+6.30 in the surface



34

and bottom depths, respectively (Fig. 11B). At salinities of 1700 or less at the Buoy

37 station the mean surface %Chl a value was 93.09+6.12, not a statistically

significant increase over the mean surface value at CREU. A corresponding value

for the bottom depth was not obtained because the salinity at this depth remained

above 1%0 during the 1992 spring-tide sampling series. At salinities greater than 1%0

the %Chl a values for the surface and bottom depths were, respectively, 93.41+5.83

(salinity range of 1-3%o) and 83.31+6.851 (salinity range of 1-25%0). These means

also were greater than, or equivalent to, those at CREU, indicating no measurable

effect of salinity in degrading the potential for photosynthesis (as measured by % CM

a) at this time of year.

These high-flow season data strongly indicated the presence of brackish- and

marine phytoplankton species. The insignificant difference of % CM a values

between the CREU station and the surface waters at Buoy 37 suggested the presence

of a similar phytoplankton population structure at both locations. Species such as

Melosira granulata and Asterionella formosa have been observed to be more salt-

tolerant than other species in the CRE (Small et al., 1990). The extremely high %

CM a values recorded during this season suggested a vital, robust phytoplankton

community was prevalent. The prime condition of these cells may allow them to

function well in environments usually considered to be at their limit of suitability

(such as a brackish-water environment). Phytoplankton populations at the bottom

depth at Buoy 37 were exhibiting elevated % Chl a levels in brackish-water and

saline conditions. These results suggested a strong presence of healthy marine cells
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during the flood-tide phase.

% CM a values at both Buoy 39 and CREU locations were higher in 1991

than in 1990, and higher at Buoy 37 in 1992 than at Buoy 39 in 1991 or 1990.

These results were consistent with past findings (Lara-Lara et al., 1990b), where

chlorophyll levels (mg/m3) were noted to be higher in May than in July or

September. As previously mentioned, this pigment concentration pattern suggested

the occurrence of a spring phytoplankton bloom in the CRE with the onset of

increased daily solar radiation.

Neap-tide data are not illustrated in this section due to the relatively narrow

range of salinities encountered during any single neap series. However, the

comparison between 070o (CREU) and 5.1%.0 (Buoys 39 and 37) generally mirrored

the % CM a results from the spring-tide series during the three seasons.

D). DCMU index vs %Chl a

The DCMU index was plotted against % CM a for combined bottom and

surface data during spring-tides for all three seasons (Fig. 12). The intermediate- and

low-flow data followed a similar trend and were analyzed together as one continuous

regression. The high-flow season, however, with high % Chi a values, showed lower

than expected photosynthetic ability based on the initial DCMU index. These

relationships showed a lot of variability, with R2=0.473 for the 1990-91 data, and

R2=.190 of 1992.

When % Chi a was regressed against the DCMU alternate index, the

continuous trend of the intermediate- and low-flow seasons was again distinguishable
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from that of the high-flow season (Fig. 13). In both cases, however, the DCMU

alternate index did not vary over the given ranges of % CM a (20-80% for 1990-91,

and 65-100% in 1992). These results suggested that the DCMU-determined potential

photosynthetic ability of each unit of chlorophyll a remained unchanged between

depths and within the 1990-91 and 1992 seasons. The slopes of the regression lines

of the initial DCMU index vs. % CM a (Fig. 12) thus were caused by different

percentages of CM a making up the total pigment on which the initial DCMU index

was based. The DCMU alternate index was based only on the chlorophyll a content

of the SPM, not the total pigment content; thus, when the alternate index was

regressed against % Chi 2, there was no regression slope.

The fact that the DCMU-determined potential photosynthetic ability of each

unit of chlorophyll a was reduced in the high-flow season compared to the low- and

intermediate-flow seasons was possibly due to different species composition in the

spring at the Buoy 37 station. It has been shown that the cellular response to DCMU

is variable in non-homogeneous phytoplankton assemblages (Roy and Legendre,

1979; Oquist et al., 1982); such assemblages would include different algal species.

Additionally, it was previously mentioned that increases in salinity had a significant

effect on the % Chl a during the low- and intermediate-flow seasons at Buoy 39, and

essentially no effect on the phytoplankton populations during the high-flow season at

Buoy 37 (Figs. 9,10,11). Buoy 37 is closer to the estuary mouth than Buoy 39,

probably negating any effect of the higher river flow. The combined results of the

1992 DCMTJ vs % Chi a values (Fig. 12,13) and the 1992 % CM a vs salinity values
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(Fig. 11) strongly suggested the presence of a unique, probably brackish or marine,

species composition at the Buoy 37 station in May/June. Unfortunately no species

composition data are available to evaluate this hypothesis.

Neap data are not presented in this section as the number of data points were

too few to establish clear relationships among seasons.

E). DCMU index vs C-14 Productivity and Chlorophyll Concentration

The DCMU indices during one spring-tide series at Buoy 39 (1990 CRES 1-

2) and one upriver series (1990 CREU 1-1) were compared to the chlorophyll-based

potential C-14 productivities available for those two series, using data from all three

depths (Fig. 14). Although there was considerable variation in the data, a positive

regression slope was computed between the initial DCMU index and chlorophyll-

normalized C-14 fixation at saturating light, with fair correlation (R2=0.520) (Fig.

14A). The regression slope between the alternate DCMU index and the C-14 rates

was near zero, with resulting poor correlation (Fig. 14B). All alternate DCMU

indices were elevated at any given C/Chl a production rate, relative to initial DCMU

indices, as expected (fluorescence due to phaeopigments had been removed from the

alternate DCMU indices, thus increasing those indices). However, the alternate

DCMU index increased at a disproportionately greater rate at low C/Chl a rates,

compared to the initial DCMU index. The implication was that, at low C/Chl a

rates, there was a proportionately greater amount of phaeopigments (lower % CM a),

which depressed the initial DCMU index relative to the alternate index. At higher

C/Chl a rates there was less phaeopigment (higher % CM a), which depressed the
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initial DCMU index only slightly relative to the alternate index. The implication was

that there was no measurable relationship between chlorophyll a-normalized carbon

fixation rates at light saturation and chlorophyll a-normalized DCMU enhancement of

chlorophyll a fluorescence.

In past laboratory studies with phytoplankton cultures, Samuelsson and Oquist

(1977), Samuelsson et al. (1978), and Roy and Legendre (1979) all reported a

significant relationship between C-14 fixation and the ratio of normal fluorescence to

DCMU-enhanced fluorescence. Harris (1978) on the other hand, working with

natural phytoplankton assemblages in the field, concluded that little, if any,

relationship existed between a DCMU ratio (DCMU stimulated fluorescence/initial

fluorescence) and C/Chl a rates measured by C-14 under natural light conditions.

Harris et al. (1983) suggested that no simple correlations should be expected in field

studies because the response times of fluorescence parameters are rapid while C-14

fixation responses occur with much longer time lags. Roy and Legendre (1980),

working in the St. Lawrence Estuary, and Oquist et al. (1982), working in the

Bothnian and Archipelago Seas, suggested that the relationships were poor in the

field when large groups of data were considered together, but that relationships

improved significantly when the data were separated into smaller groups from similar

depths and sampling times. Roy and Legendre (1980) suggested species composition

changes made a difference. When the data from CRES 1-2 and CREU 1-1 were

separated by depth, the relationships remained approximately the same as shown in

Fig. 14; i.e., no relationship appeared between the alternate DCMU index and C/Chl
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a rates at any depth, and relationships between the initial DCMU index and C/Chl a

rates were either positive or showed no significant correlation at the different depths.

It appeared that no measurable relationship existed between DCMU-enhanced

fluorescence and C/Chl a rates on any scale, except when % CM a regulated the

positive relationships between the initial DCMU index and C/Chl a rates.

Although % Chi a apparently was intimately involved with the relationship

between the initial DCMU index and the C/Chl a rates, the absolute concentration of

chlorophyll a (mg/m3) was not. For example, chlorophyll a concentration in the one

strong ETM in 1990 CRES 1-2 (40 mg/m3) far exceeded concentrations at other

times and depths at Buoy 39, but C/Chl a productivity was low (Fig. 14A), while

chlorophyll a concentrations at the CREU 1-1 station were also relatively high (about

10-28 mg/m3), but potential productivities remained high (Fig. 14A). This lack of a

relationship was not consistent with the results of Slovacek and Hannan (1977) and

Oquist et al. (1982), in which the absolute concentrations of chlorophyll a in

phytoplankton laboratory cultures were strongly correlated with DCMU-enhanced

fluorescence. In laboratory unialgal cultures, growth conditions are simple and

relatively constant, so that increases in chlorophyll a would normally signal

corresponding increases in cell populations and therefore increases in photosynthetic

potential as measured by DCMU-enhanced fluorescence. In an estuary, however,

samples from surface waters and ETMs, and from different salinity regimes and

seasons, would complicate the relationship between a rapid measure of

photosynthetic potential (the DCMU indices) and a given chlorophyll concentration,
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particularly if the chlorophyll concentration was not specifically chlorophyll a.

Strong ETMs did have an effect on the initial DCMU index, again principally

because % CM a was always low in those ETMs. For example, the initial DCMU

index in the one strong ETM in CRES 1-2 was one of the lowest values recorded

(Fig. 14A). The C/Chl a rate was also one of the lowest measured. However, the

alternate DCMU index was above 0.600 in the strong ETM, in line with non-ET'M

values of this index (Fig. 14B). The initial DCMU indices in the two moderate

ETMs in CRES 1-2 also were higher than the initial index in the strong ETM (Fig.

14A). The moderate ETMs likely were composed of photoactive cells recently

deposited on the estuary bed. These cells can be lifted off the bed and into the water

column by fairly gentle tidal action. The strong ETM, on the other hand,

undoubtedly was composed of a much greater fraction of phaeopigments from

moribund cells buried deeper in the sediment layers, and these moribund cells

apparently did not make it prominently into the moderate ETMs.

The very lowest C/Chl a rates were not associated with any ETM during

CRES 1-2, and in fact included surface- and mid-depth samples as well as bottom

samples, all from the first two early morning sample collections (0300 and 0700 hrs)

at Buoy 39 (Fig. 14). There is no obvious explanation for this group of apparently

low values. All succeeding samples had much higher C/Chl a rates, even those in

early morning hours on the following day. Unfortunately, comparisons between

DCMU indices and C/Chl a rates during other seasons could not be made because

the C/Chl a estimates were inaccurate due to contamination of the C-14 stock
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solutions; thus, no checks could be made to see if the very low C/Chl a rates for the

low-flow season (1990) likely would hold for other seasons, as the apparent

regulation of the relationship by % Chi a would not be expected to vary by season.

3. TIME SERIES

Various measured attributes of the water and SPM were plotted against time

of sampling during each spring- and neap-tide series for each season in order to

examine seasonal patterns of change and changes created by flood-ebb periods.

Flood and ebb tides were categorized into slack periods and apparent high-velocity

periods. The slack period during each flood and ebb phase was approximated by the

maximum (flood) and minimum (ebb) tidal height, although it was recognized that

effects of the slack periods on various measured attributes might not have been

maximized exactly at the times of maximum and minimum tide heights (Neal, 1972).

Also, the times of occurrence of maximum flow velocities were not based on actual

measured velocities, but were estimated based on the rate of change in the SPM and

salinity properties of the water. In particular, the occurrence of an ETM signalled a

time of maximum velocity.

A). Spring Tides

1). Low-flow season

During the low-flow season (September-October 1990), five spring-tide series

were sampled at Buoy 39. The CRES 1-1 series captured a tidal sequence with near-

equal tidal amplitudes throughout the 30 hr sampling period (Fig. 15A). CRES 1-2
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and CRES 2-1 showed similar tidal patterns to one another over the 30 hr period,

mainly featuring the tidal sequence (beginning about 0700 hrs) of high low, high

high, low low, and low high (Fig. 15B,D). CRES 1-3 and CRES 2-2 showed a

similar pattern, however, the sequence (beginning at 1300-1500 hrs) featured an

initial high tide (Figs. 15C,E). Variations among all measured parameters were

compared both within and between all these spring-tide series in the low-flow season.

While some data sets were more complete and precise (sampling intervals capturing

the ETM, for example), it was found that the same trends were present in all five

series. Therefore, only the data from the most complete and precise low-flow spring-

tide series (CRES 2-2) are presented in detail herein.

During CRES 2-2, elevated SPM levels in near-bottom waters resulted from

high flood velocities associated with increasing tidal heights and salinities at 1300,

0100, and 1300 hrs (Fig. 16A,B and 17A). In addition, elevated SPM values resulted

from high ebb velocities at the two 1900 hr sampling times, but not at 0700 using a

2-hr sampling interval (Fig. 16A,B and 17A). During spring tides in this low-flow

season, five of the six large ETMs (>100 mgSPM/L, as defined with the 2 hr

sampling interval) were generated by high velocities associated with the flood tide

(Table 1). The ETM itself did not reach into surface waters at any time (Fig. 17A);

however, surface and bottom concentrations ofdissolved nitrate were nearly identical

during each ETM event on the flood tide (Fig 17A,B), indicating fairly thorough

mixing of the water column during moderate ETMs. The flood tides also tended to

bring surface and bottom particle properties closer to one another (Figs. 18A,B,C).



Table I. Suspended particulate matter (SPM) values during flood and ebb velocity
events of five spring-tide series from the low river flow season.
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TIME SERIES MAL PHASE/HOUR ETM PEAK, (mgSPM/L)

1990 CRES 1-1 Ebb Velocity/1900 39.91
Flood Velocity/2300 195.10
Ebb Velocity/0700 54.89
Flood Velocity/1100 132.48
Ebb Velocity/1900 57.61

1990 GRES 1-2 Ebb Velocity/0700 31.00
Flood Velocity/1100 282.30
Ebb Velocity/1900 35.90
Flood Velocity/0100 69.80
Ebb Velocity/0700 44.80

1990 CRES 1-3 Ebb Velocity/2100 73.00
Flood Velocity/0500 5730
Ebb Velocity/0900 83.30
Flood Velocity/1300 109.30

1990 CRES 2-1 Ebb Velocity/0500 18.14
Flood Velocity/0900 231.85
Ebb Velocity/1700 112.07
Flood Velocity/0100 76.67

1990 CRES 2-2 Ebb Velocity/1900 41.28
Flood Velocity/0100 50.80
Ebb Velocity/0700 1930
Flood Velocity/1300 83.48
Ebb Velocity/1900 64.41
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Surface values of Chi a/POC, % Chi a, and the initial DCMU index converged

toward the comparable bottom values near the end of each flood period, so that at

flood slack the surface and bottom values of particle properties were often the same

(in some cases the bottom value actually exceeded the surface value). Hence, even

though absolute concentrations of SPM, POC, and chlorophyll a were relatively low

in surface waters during flood, the particles often had essentially the same

characteristics as the bottom particles, and in fact were likely composed

predominately of bottom particles mixed into surface waters by the incoming flood

tide.

During ebb tide, surface values of nitrate, CM a/POC, % CM a, and the

DCMU index tended to diverge from the corresponding bottom values (Fig. 17B and

18A,B,C), so that at ebb slack and into early stages of the flood tide the surface

values were often distinctly greater than bottom values. This divergence was usually

created by increases in surface values along with decreases or no change in bottom

values. Sometimes, however, a less pronounced separation was created by the

combination of substantial surface increases and less substantial increases in bottom

values. This latter pattern yielded the generally repetitive sequence of increasing

DCMU indices throughout the water column at ebb tide, followed by decreasing

indices throughout the water column at flood tide (Fig. 18C).

A general pattern for the spring-tide during early autumn was thus

established, in which the period of maximum salinity gradient between surface and

bottom waters (flood slack) was, in many cases, commensurate with the period of
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near uniformity in particle properties, while the period of near-uniform fresh water

through the water column (ebb slack) was usually commensurate with the maximum

surface-to-bottom gradient in particle properties. The ETM was not directly involved

with these slack-water distribution as no measurable ETM ever appeared during slack

periods. However, the slack-water patterns must have shown the residual effects of

the preceding high tidal velocities. For example, the high salinity flood tide must

have rather effectively reduced the surface levels of freshwater phytoplankton at

Buoy 39 (low CM a/POC, low % CM a, low DCMU index), replacing these

productive cells with marine particles and particles injected from the bottom ETMs

to yield convergent surface-to-bottom distributions of nutrients and particle

properties. Riverine phytoplankton apparently were re-established in surface waters

at Buoy 39 with the ebb tide, as evidenced by increased values of CM a/POC and %

Chl a in surface (fresh) waters. Declining values in bottom waters during ebb tide

likely signalled incomplete washout of marine particles and/or the presence of

freshwater forms intolerant to even very low, residual levels of salt (Lara-Lara,

199013; Small et al., 1990). It must be noted, however, that the DCMU index tended

to increase in bottom waters at ebb slack, suggesting that the particles retained some

potential for photosynthesis in the face of reduced % CM a values in this particular

sampling series (1990 CRES 2-2). The above general patterns were supported by the

differences between surface and bottom mean values of the measured attributes for

all five spring-tide series at Buoy 39 during the low-river-flow season (Table 2).



Table 2. Bottom and surface values of salinity, SPM, Chi a/POC, % Chi a, and the
DCMU index during maximum flood and ebb slack periods. All values
derived form five spring-tide series in the low river flow season.

Maximum
Flood Slack

Maximum
Ebb Slack

Surface Bottom Diff. Surface Bottom Diff.

SALINITY (%0) mean 4.36 16.54 -12.18 0.07 2.38 -2.31
St. dev. [2.11] [3.07] (.0091 [1.91]

n 15 15 10 9

SPM (mg/L) mean 7.59 15.58 -7.99 10.48 18.22 -7.74
st. dev. [2.56] [12.50] [4.48] [4.91]

n 15 15 9 9

Chi a/POCx10-3 mean 6.86 7.35 -0.49 10.38 4.99 5.39
St. dev. [1.43] [0.94] [1.35] [1.72]

n 15 15 10 9

% Chi a mean 44.51 51.28 -6.77 57.49 39.68 17.81

st. dev. [5.29] [5.35] [9.36] [6.78]
n 15 15 10 9

DCMU Index mean 0.435 0.445 -0.010 0.539 0.428 0.111
St. dev. [0.066] [0.056] [0.051] [0.071]

n 15 15 10 9
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2). Intermediate-flow season

Although tidal amplitudes and salinity ranges during spring tides in the

intermediate-flow period (Fig. 19A,B) were similar to those during the low-flow

season (Fig. 16A,B), the SPM concentrations were markedly higher throughout the

water column during intermediate flow (Fig. 19C, compared to Fig. 17A). ETMs

occurred during velocity periods of most flood and ebb tides (Fig. 19C); however,

when the tide shifted from low high to high low phase (about 1500-2000 hrs, Fig.

19C), no ebb ETM was measured with the 2-hr sampling interval. This was similar

to the situation between low high and high low phase during the low-flow season,

where no ETM was recorded (about 0300-0800 hrs, Fig. 17A).

The general flood-ebb patterns of particle properties (Fig. 20A,B,C) bore

some similarity to those during low river flow (Fig. 18A,B,C), but also some

differences. A major difference was that the values of Chi a/POC, % Chi g, and the

DCMU index during intermediate flow (Fig. 20A,B,C) were all higher than the

values during low river flow. The intermediate-flow period was in July, so increased

insolation relative to the low-flow period (October) likely caused the increases in

pigment levels and potential productivity, rather than the flow characteristics of the

river. Frey et al. (1983) and Lara-Lara et al. (1990b) determined that light

availability was the major factor controlling phytoplankton productivity in the CRE.

Surface and bottom values of the particle properties tended to converge as

flood slack was approached, as in the low-flow, spring-tide periods; however, on one

occasion (CM a/POC at about 0200 hrs flood slack) the surface and bottom values
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did not converge (Fig. 20A). Also, the very strong ETM (SPM=215 mg/L) at 1400

hrs did in fact act to depress the bottom value of % CM a as well as the surface

value (Fig. 20B), suggesting that the flood velocity was large enough at this time to

scour deep into the sediment layers and resuspend particles very deficient in

chlorophyll a. The CM a/F'OC surface ratio likely also was severely depressed at

1400 hrs, although these data unfortunately were missing.

During ebb tide, particle properties did not appear to diverge into distinct

surface and bottom realms as convincingly as they did in the low-flow season. For

example, at the 0800 hr ebb slack period early in the series, the bottom DCMU index

actually exceeded the surface value at this time (Fig. 20C), and the CM a/POC ratios

appeared to converge, not diverge (Fig. 20B). Between about 1500-1800 hrs, and

also perhaps between about 0400-0600 hrs, the attributes appeared to separate for the

most part, but right at ebb slack (2000 hrs and about 0900 hrs) most bottom and

surface values converged. Salinity was zero or near zero throughout the water

column at both of these times. This convergence of bottom and surface salinity

values during intermediate river flow was not observed during low-flow (Fig. 16B),

and the particle attributes during low flow thus remained separated at ebb slack (Fig.

18A,B,C). Riverine particles clearly had characteristics distinct from particles in

waters with measurable salt content. Lara-Lara et al. (1990b) and Small et al. (1990)

also noted changes in particle properties as freshwater began to mix with brackish

water.

There was a short (8hr) spring-tide series run at a station close to Buoy 39
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during July 1991 (CRES 1-1, at 46012'52" N, 123047'84" W), perhaps reasonably

comparable to the CRES 1-3 series. The CRES 1-1 series had a high resolution

sampling frequency of every half-hour rather than every two hours. The period

mainly covered an ebb tide, from a low high at approximately 1300 hrs to a high low

at about 1800 hrs (Fig. 21A). The portion of the flood tide sampled early in the

series (1100-1300 hrs) was not typical of that found at Buoy 39, as bottom and

surface salinities were identical and low (Fig. 21B). A strong ETM exceeded 150

mgSPM/L at 1200 hrs (Fig. 21C), however, indicating that indeed maximum flood

velocities were achieved.

On the ebb tide at 1600 hrs an intense but short-lived ETM was measured,

and the ETM carried into surface waters (Fig. 21C). At Buoy 39 during CRES 1-3,

no ETM was measured during the low high to high low ebb between about 1500-

2000 hrs, with sampling at 2-hr intervals (Fig. 19C). There was a strong likelihood

that a short-lived ETM was missed by the 2-hr sampling interval during that ebb

period, in that a substantial increase in bottom salinity was measured during that time

(Fig. 19B). Also during the low-flow season no ETM was recorded during the 0300-

0800 hr period of high low to low high ebb (Fig. 17A), although increases in bottom

and surface salinities occurred at that time (Fig. 16B).

Examination of the particle attributes during CRES 1-1 revealed that both

strong flood and ebb ETMs greatly depressed both surface and bottom Chl a/POC

ratios (at 1200 and 1600 hrs, Fig. 22A), but the DCMU indices at those times were

relatively unaffected (Fig. 22C). The strongest ETM (at 1600 hrs) depressed the %



10

A.

30 1

20 -
a.

1991 CRES 1-1

300ri---?reei-0-g=01_
1

I
III el

250-

0
/.61

I 1 I 1 I I I 1 1 I I 1 1

12 13 14 15 16 17 18 19

FS ES
Time (hrs)

Figure 21. Temporal (A) tide, (B) salinity, and (C) SPM patterns of a high
resolution spring-tide sampling series (CRES 1-1) during the interraediate
river flow season.

59



N)

O
`;0

80

60

40

100

20 -

80

0
..-E

60

0
4: R 4°

20

31.000
m0
e.0.800
fl.

-%or).600

Ez
ii"0.400

13
M 0.2000a

0.000
11 12

FS
13 14 15 16 1

ES

1 19

Time (hrs)
Figure 22. Temporal (A) CM WPOC, (B) % CM1 and (C) DCMU index patterns of

a high resolution spring-tide sampling series (CRES 1-1) during the
intermediate river flow season.

A.

;

A
0 /A

A /4
,...1.1.7

/
..

A

B.

0-A-
,....6,-...,,,,0, 46, p___g--6

'\47

C.

:....4,....4 W.

601991 ORES 1-1



61

Chi a values, but the ETM at 1200 hrs did not (Fig. 22B). This 1600 hr ETM effect

appeared to be comparable to the strong ETM effect during CRES 1-3 on all but the

DCMU index during (1400 hrs, Fig. 19C and 20A,B,C). Finally, the CM a/POC

ratios separated into surface and bottom realms early in the ebb tide during CRES 1-

1 (about 1300-1500 hrs, Fig. 22A), but converged by the time ebb slack was reached

(about 1800 hrs). Zero salinity was recorded throughout the water column around

the time of ebb slack. This pattern was similar to the two ebb periods during CRES

1-3 (Fig. 19B). Little similarity occurred in the % Chi a and DCMU indices during

weak ebbs in the CRES 1-1 and CRES 1-3 comparisons, however, and the

dissimilarity likely was due to the different salinity profiles in the two water

columns. In CRES 1-1 little divergence between surface and bottom particle

properties occurred throughout the ebb period (Fig. 22B,C), likely a result of the

dominating fresh water mass evidenced by very low salinities in both bottom and

surface water through the period. In CRES 1-3, on the otherhand, measurable

increases in surface particle properties over bottom values occurred at least sometime

during the 1500-2000 hr interval (Fig. 20B,C). The sum of the evidence suggested

that there was no clear indication that CRES 1-3 (or CRES 1-1, for that matter) was

representative of intermediate-flow spring tides. There was internal consistency in

some of the measurements, but not in others. Convergence of properties at flood

slack apparently was consistent during both low and intermediate river flow, but

particle attributes on the ebb tide (particularly on the weaker ebb tide) were

controlled primarily by the salinity profile at the sampling site.
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3). High-flow season

Sampling on the spring tide during the high-flow season (May-June 1992)

was done at Buoy 37 (46011'54" N, 123050'50" W), and the sampling period was

the first segment of a 120-hr spring-to-neap transition (CRESN 1-1). The 22-hr

series encompassed an average high high to low low ebb tide, a low low to low high

flood, and a low high to high low ebb (Fig. 23A). The salinity structure (Fig 23B)

was not unlike that during the low-flow and intermediate-flow seasons at Buoy 39

(Figs. 16B and 19B). No strong ETMs were measured during high river flow,

although one surface and several bottom moderate ETMs were recorded (Fig. 23C).

The moderate ETM peak at 1000 his was associated with maximum ebb velocity,

while the peak at 1400 hrs likely was associated with maximum flood velocity. An

unusual series of bottom and surface moderate ETMs were recorded during the entire

low high to high low transition (1800-2200 hrs). A maximum ebb velocity occurred

between 2000-2200 hrs, as a moderate surface ETM and drastically reduced bottom

salinity values were noted. During the high resolution series in the intermediate-flow

season, a surface ETM was also recorded on an ebb velocity from a low high to high

low tide (Fig. 21C). However, unlike this strong ETM event during intermediate

flow, the surface ebb-velocity ETM during the high-flow season was not

accompanied by the expected increase in bottom SPM values. As in other seasons,

the highest bottom salinities, and the largest salinity gradients through the water

column, were not usually associated with times of maximum velocities and ETM

peaks, but with flood slack and early ebb tide (Fig. 23A,B,C).
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The values of CM a/POC and % CM a during the May-June 1992 spring tide

were the highest recorded (Fig. 24A,B). Some surface values of CM a/POC reached

50x10-3 (5% of POC as chlorophyll g) while some of the surface pigmented particles

were 100% chlorophyll a and no measurable phaeophytin. DCMU indices, however

(Fig. 24C), were lower than those during July 1991, and approximately on a par with

those in September-October 1990. Large increases in CM a/POC and % CM a in

May-June 1992 therefore did not translate into large increases in potential

productivity (as registered by the DCMU index). It should be noted that Small et al.

(1990), working in the same general mid-channel region as Buoy 37 and Buoy 39,

calculated rates of primary production (using C-14) in April and May, 1980 that

averaged about three times lower than rates measured in July, 1980; hence

photosynthetic carbon fixation might also have yielded the same seasonal pattern as

the potential productivities measured by the DCMU index. As light is the major

factor controlling carbon fixation in the estuary (Frey et al., 1983; Lara-Lara et al.,

1990), it might also have had a major effect on potential productivity; i.e., even

though chlorophyll a concentrations, CM a/POC, and % CM a were all high in May

and early June, the total daily insolation in the water column was likely considerably

less than in mid-July. Perhaps the photosynthetic potential of the phytoplankton

stock, as well as actual carbon fixation, can be enhanced by increasing light input.

The low values of the DCMU index in September-October 1990 might also have

reflected the waning daily insolation at that time of year. Clearly, experiments must

be conducted to test the hypothesis of light control on the DCMU index.
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Bottom and surface values of CM a/POC, % CM a, and the DCMU index

tended to converge on the flood tide (Fig. 24A,B,C), as they did during the other

seasons. Exceptions appeared to be the divergence of % CM a values and possibly

CM a/POC ratios, as flood slack was approached at 1700-1800 hrs (Fig. 24A,B).

The DCMU indices were also separated slightly at that time (Fig. 24C). At 1800 hrs

a moderate ETM appeared (Fig. 23C), not the usual condition near the time of flood

slack in other seasons. This ETM created a disturbance of the estuary bed that was

not observed in the low high to high low transitions during autumn (0300-0900 hrs,

Fig. 16A,17A) or during mid-summer (1400-2000 hrs, Fig. 19A,C). The peak might

have been caused by the beginning ebb tide augmented by high river flow. If this

was true, flood slack might have been short-lived at about 1700 hrs and the 2-hr

sampling interval did not allow resolution of a flood slack effect on the particle

attributes.

Bottom and surface particle properties tended to separate on the ebb flow

between the high high to low low transition, between about 0400-1100 hrs (Fig.

24A,B,C). The low CM a/POC ratio at the surface at 0800 hrs (Fig. 24A) was

thought to be a measurement error. Between 1800-2300 hrs, however, on the low

high to high low ebb transition, the particle properties tended to separate early in the

transition but appeared to converge again at ebb slack (Fig. 24A,B,C). In this case

ebb slack probably was very brief, at about 2200-2300 hrs by the salinity profile

(Fig. 23B), but poorly resolved by the 2-hr sampling interval. This convergence of

bottom and surface properties at ebb slack was similar to that observed during the
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intermediate-flow season (Fig. 20A,B,C). The factor controlling these convergences

at ebb slack during May-June and July appeared to be mainly the salinity profile.

When surface and bottom waters at ebb slack were both fresh (salinity zero or very

near zero), the surface and bottom particle properties tended to have about the same

values (at times the bottom value even exceeded the surface value). For example, at

the two 0800-1000 hr periods and at 2000 hrs during intermediate river flow at Buoy

39, salinity was zero through the water column (Fig. 19B), and values of surface and

bottom particle properties converged (Fig. 20A,B,C). Similarly, at 2200 hrs during

high river flow at Buoy 37, salinity was zero or very near zero through the water

column (Fig. 23B), and values of particle properties tended to be similar (Fig.

24A,B,C). The bottom value of % CM a actually exceeded the surface value at 2200

hrs (Fig. 24B). The ebb slack effect might also have extended to 2300 hrs, the

approximate time of the lowest tide height, but again this could not be resolved by

the 2-hr sampling interval. When bottom salinity remained well above zero at ebb

slack (2-3%o at 1000-1200 hrs during high river flow, Fig. 23B), surface and bottom

values of the particle attributes, particularly CM a/POC and % Chi a, were different.

It thus appeared, at least for the intermediate- and high-flow periods, that the salinity

profile controlled the distribution of particle properties at ebb slack, with bottom

salinities greater than about 1700 probably keeping particle properties measurably

lower than those higher in the water column. This result is in agreement with

analyses of the changes in % CM a brought about by increases in salinity over all

spring tides sampled during all seasons (Figs. 9,10,11).
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4). Summary of spring-tide effects

Values of Chl a/POC and % CM a during spring tides were highest in May-

June (high river flow), intermediate in July (intermediate flow), and lowest in

September-October (low flow); however, the DCMU index averaged highest in July,

and was similar in the May-June and September-October seasons, suggesting that

potential productivity might be a function of available light in the CRE.

On the spring tide during all seasons, the flood flow tended to separate the

water column into high-salinity bottom water and low-salinity surface water, but at

the same time brought about surface-to-bottom convergence of CM a/POC, % Chl

and the DCMU index. Surface values of these particle properties generally decreased

as riverine water was replaced by brackish water on the flood tide, and at the same

time bottom values increased as recently sedimented particles on the estuary bottom

were lifted into near-bottom waters as part of weaker ETMs. On occasion, bottom

values actually exceeded the surface values at or near flood slack, suggesting that the

particles in the bottom-generated ETMs were largely of riverine origin, whereas

surface particles at flood slack were less-pigmented, less-productive particles of

marine or brackish-water origin.

When river flow was low (autumn), the convergence of surface and bottom

particle properties continued into early ebb flow, probably because saline water was

not scoured out on the ebb. Later in the ebb phase, surface and bottom particle

attributes diverged, and remained separated through ebb slack and into early flood

stage, after which they again began to converge toward flood slack distributions.
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When river flow was high (spring) or intermediate (summer), the ebb tide

patterns appeared different in some respects from those during the low-flow season.

During maximum ebb flow, surface and bottom values of CM a/POC, % CM a, and

the DCMU index tended to diverge, as in the low-flow season; however, right at ebb

slack and into early flood stage many of the values converged, as if the ebb tide,

abetted by high river flow, finally scoured all marine water out of the region to leave

a well-mixed, fresh water column. Indeed, most of the bottom salinities went to zero

during ebb slack at Buoys 37 and 39 in the high- and intermediate-flow seasons.

During one ebb slack in the high-flow season, bottom % CM a actually exceeded

surface % CM a by a small amount. After this apparent convergence at ebb slack

increasing flood velocities usually effected some divergence, followed by a

convergence of bottom and surface particle properties as flood slack approached.

B). Near) Tides

1). Low-flow season

The one neap-tide series from the low-flow season indicated the classical low-

amplitude tidal excursions at neap (Fig. 25A) and the continuous surface-to bottom

salinity gradient with only some weakening of the gradient during ebb slack periods

at about 0100-0300 hrs on two occasions (Fig. 25B). The 1300 hr ebb slack was

commensurate with one of the highest low tides measured (Fig. 25A), with the result

that no large decrease in bottom salinity occurred (Fig. 25B). Surface salinity values

also remained elevated through the entire neap series, relative to spring tides. SPM

concentrations were always low during neap tide (Fig. 26A), so that an ETM (by
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definition) never developed. Highest flood velocities likely occurred at

approximately 0300, 1500-1700, and 0500 hrs. At these times slight elevations in

SPM values were measured in near-bottom samples (Fig. 26A). A probable increase

in ebb velocity at 2300 hrs also brought about a slight increase in bottom values of

SPM, while a presumably weak ebb velocity increase at 0900 did not (within the 2-

hr sampling frequency).

Nitrate concentrations in bottom waters decreased relative to surface

concentrations between 0300 and 2300 hrs (Fig. 26B), commensurate with the

sustained high-salinity bottom water detected during this interval (Fig 25B). The

increases in bottom nitrate levels at both 0100 hr periods were related to decreases in

bottom salinities at these times, indicating some mixing of relatively nitrate-rich

surface waters with the bottom waters. The similarity of surface and bottom nitrate

levels after 0100 his toward the end of the sampling sequence was the result of

decreases in both surface and bottom nitrate. Why surface nitrate decreased remains

unexplained.

Flood slack periods produced the same general convergence of surface and

bottom particle properties observed during spring tides in the low-flow season (Fig.

27A,B,C). The ebb tide period at the end of the high high to low low tidal transition

between about 1800-0200 hrs appeared to effect a separation of surface and bottom

values, similar to high-amplitude tidal transitions during spring tide (the surface

DCMU index at the second 0100 hr sampling was thought to be in error, Fig. 27C).

However, convergence of properties appeared later, well into the flood period at 0500
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hrs. Conversely, the low-amplitude tidal transition between about 0800-1300 hrs

(Fig. 25A) tended to produce convergence of Chi a/POC and % CM a values right at

ebb slack, unlike apparently diverging patterns at ebb slack following low-amplitude

transitions in spring-tide series during low river flow. It must be noted that these

neap convergences and divergences occurred even though bottom salinity remained

high at all times, relative to surface salinity; hence, regulation of particle property

distributions was done by factors other than the salinity gradient alone, at least

during neap tides.

B). Intermediate-flow season

Physical properties for the neap series in the intermediate-flow season (CREN

1-5) were generally similar to those in the low-flow season except that tidal

amplitude was somewhat greater during CREN 1-5 (Fig. 28A). A distinct salinity

gradient between bottom and surface persisted, with the shallowest gradient occurring

at ebb slack following a high high to low low transition (Fig. 28B). However, unlike

the low-flow season, a very strong ETM (277.6 mg/L) was recorded during CREN 1

5 (the initial 1500 hr period), and moderate ETMs occurred at 1300 hrs and both

1900 hr periods (Fig. 28C) and relatively high surface SPM concentrations persisted

throughout. Two of the elevated SPM peaks apparently were associated with

maximum flood velocities, and the moderate ETM at the first 1900 hr period

appeared to be a result from a residual or secondary velocity event prior to the flood

slack at 2000-2100 hrs. The moderate ETM occurring on the transition from low

high to high low tide at 1300 hrs was unusual in that it was recorded with 2-hr
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sampling frequency. ETMs were not recorded during such weak tidal events for

either spring- or neap-tides in any of the other seasons.

As with other series during both neap and spring tides at Buoy 39, the

particle attributes in surface and bottom water for the most part tended to converge at

flood slack (Fig. 29A,B,C). At the ebb slack period following the low-amplitude tide

at 1000-1500 hrs, the particle properties also tended to converge. This convergence

sometimes carried into early flood stage (see % Chi a at 1700 hrs, for example, in

which the bottom percentage exceeded the surface percentage, Fig 29B). These

findings were not so unusual as the intermediate-flow spring-tide series and low-flow

neap-tide series also suggested a convergence of particle properties on ebb tides.

Again, this convergence was not associated with a convergence of bottom and

surface water at or near zero salinity.

The high-amplitude tide between 2000-0300 hrs yielded unusual surface-to-

bottom distributions of Chi a/POC and % Chi a, although not of the DCMU index

(Fig. 29A,B,C). The high surface values of Chi a/POC, coupled with the low bottom

values, yielded a large separation of these values on the ebb (Fig. 29A); however,

phaeophytin a concentrations in the surface waters were also high, which acted to

depress the surface % Chi a values (Fig. 29B). In the bottom waters, on the other

hand, low concentrations of chlorophyll a and high POC concentrations yielded low

CM a/POC ratios relative to surface waters, but phaeophytin a concentrations were

also low, thus giving relatively high % CM a values to the bottom particles. The

high phaeophytin a levels in surface particles might have been due to increasing fecal
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debris created by extensive grazing on a rich fresh water phytoplankton stock moved

into the sampling region on the ebb tide. The lower phaeophytin a levels (high %

Chi a) in bottom waters relative to surface waters at 2300-0100 hrs (Fig. 29B)

suggested that the phaeophytin-rich surface particles had not yet sunk to the bottom

over that time period. However, from about 0100 hrs on, the % CM a levels in

surface waters increased while those in bottom waters decreased (Fig. 29B), as if

phaeophytin-rich particles were settling out of the surface and into bottom waters.

C). High-flow season

The range of tidal amplitude throughout the neap series during high river low

at Buoy 37 was not as large as the ranges during low and intermediate river flow at

Buoy 39 (Fig. 30A). This was reflected in the generally non-changing salinity

distribution, with bottom salinities always 2070o or greater and, with a single

exception, surface salinities at or near zero (Fig. 30B). Moderate ETMs developed at

bottom depth in response to flood and ebb velocities (Fig. 30C).

Values of % Chl a were measurably higher than during the other two seasons

(Fig. 31B), but values of CM a/POC and the DCMU index (Fig 31A,C) were

generally similar to those during September/October 1990 and July 1991. As with

the spring-tide series in May/June 1992, the neap particles in that season were replete

with chlorophyll a; however, the high concentrations of photosynthetic pigment did

not translate into very high photosynthetic potential as measured by the DCMU

index.

Less distinct flood-ebb patterns in particle attributes appeared in the high-flow
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season at Buoy 37 during the neap tide (Fig. 31A,B,C), probably reflecting the low

range of tidal amplitudes and relatively unchanging salinity distributions. While

flood slack periods generally induced convergence of particle properties, the trend

toward convergence during ebb slack was somewhat less consistent as a separation of

particle properties was noted during the ebb slack (high high to low low transition) at

1400 hrs.

4). Summary of neap-tide effects

Neap tides during all seasons can be characterized by low tidal amplitudes

and a continuous bottom-to-surface salinity gradient with some weakening of this

gradient during ebb periods. Overall ETM values remained in the moderate to non-

existent range with the exception of one strong ETM during the transition from a

high low to a high high tide in the intermediate-flow season. A convergence of

particle properties was associated with all flood and ebb slack periods in all seasons

with the exception of the ebb slack periods associated with the transition from high

high to low low tide. These fmdings suggested a pattern similar to that of the

spring-tide in which periods of maximum salinity gradients were commensurate with

near-uniform particle properties throughout the water column, while periods of a

weakened salinity gradient were commensurate with a distinction between bottom

and surface particle properties. During neap tides these convergences and

divergences of particle properties occurred even though bottom salinity values

remained high relative to surface values at all times; hence, regulation of particle

property distributions was done by factors other than the salinity gradient alone.
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As with spring tides, values of Chi a/POC and % CM a during neap tides

were highest in May-June (high river flow), intermediate in July (intermediate flow),

and lowest in September-October (low flow); however, the DCMU index was highest

in July, and similar during the May-June and September-October seasons, suggesting

that potential productivity might be a function of available light in the CRE.



SUMMARY AND CONCLUSIONS

Strong ETMs at the Buoy 39 location were largely near-bottom phenomenon

most prevalent during spring tides in the low-flow season.

A decrease in % Chi a was noted during moderate and strong ETMs. During

moderate ETMs higher-than-average C-14 fixation rates and Chi a concentrations

were recorded. These findings suggested that moderate ETMs were most likely

composed of photoactive cells recently deposited on the estuary bed, while strong

ETMs were composed of larger fractions of pigments from moribund cells buried

deeper in the sediment layers.

During both spring and neap tides, values of Chl a/POC and % CM a during neap

tides were highest in May-June (high river flow), intermediate in July (intermediate

flow), and lowest in September-October (low flow); however, the DCMU index was

highest in July, and similar during the May-June and September-October seasons,

suggesting that potential productivity might be a function of available light in the

CRE.

Increases in salinity at the Buoy 39 locations resulted in decreased values of %

CM a (and increased values of % phaeopigments) during the July and September-

October seasons, but had no effect on % CM a in May-June. It is suggested that a

83
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unique, possibly brackish or marine, phytoplankton assemblage was dominant during

this early summer season.

The initial DCMU index was a function of % CM a, with increases in % CM a

resulting in elevated values of the DCMU index. The relationship between these two

parameters was consistent in the July and September-October seasons, but distinctive

in the early summer months. These results also suggest a unique phytoplankton

assemblage during the May-June sampling season.

It appeared that no measurable relationship existed between DCMU-enhanced

fluorescence and C/Chl a rates on any scale, except when variations in % CM a

values regulated the positive relationship between the initial DCMU index and C/Chl

a rates.

Spring- and neap-tide temporal patterns indicated periods of maximum salinity

gradients were commensurate with near-uniform particle properties throughout the

water column, while periods of a weakened salinity gradient were commensurate

with a distinction between bottom and surface particle properties. These results may

be attributed to various physical processes and not just changes in salinity alone.
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