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Surface phytoplankton biomass was measured at approxinately one month intervals from
July 1986 to August 1987. There was a peak phytoplankton biomass in the very low salinity
region during summer and autumn when river discharge was low. The peak biomass occu-
rred independent of the tidal state, location of nutrient input, nutrient concentration and
temperature. The peak biomass are probably caused by the hydrodynamic trapping, den-

sity-seletive retention of particles by esturarine circulation.

I. Introduction

The upward extension of an estuary is a place
where chemical and biological processes actively
occur(Morris et al, 1978) and many physical envi-
ronmental factors such as the tidal state and circu-
lation are involved in the complex processes. Phy-
toplankton study in the upper estuary is important
for understanding the biogeochemical processes
which occur in the estuary and for investigation the
fate of freshwater phytoplankton. The variations of
phytoplankton biomass in the upper estuary may
regulate some geochemical processes and phytopla-
nkton dynamics in the seaward portion of an es-
tuary. From the standpoint of managing water qua-
lity, the area has an eutriphication problems be-
cause it is easily exposed to anthropogenic nutrient
sources(Bennett et al., 1986). Phytoplankton in the
upper estuary has received little attention to date,
perhaps because this geographic area falls between
the traditional realm of marine and freshwater eco-
logist.

In the James River estuary, high phytoplankton
biomass in the very low salinity region(less than
05 %) was reported in summer and autumn by

Filardo and Dunstan(1985) who showed that the
biomass was inversely related with the amount of
river discharge. However, phytoplankton biomass in
the more upper zone(freshwater region) was not
investgated and their study was focused on the
cause of rapid decrease in freshwater phytoplank-
ton biomass when they met more saline estuasrine
water. Anderson(1986) observed a peak phytoplan-
kton biomass in the upper reach of the Chesapeake
Bay tributaries during the periods of low river dis-
charge and proposed the mechanism responsible
for the high plankton biomass to be the hydrody-
namic trapping, density-selective retention of parti-
cles by estuarine circulation like the case of the
San Francisco Bay reported by Cloern et al. (19
83). However, he did not demonstrate whether of
not temperature, location of nutrient input, tidal
state might involved in the cause on the high bio-
mass. Moreover, the possibility that the high bio-
mass in the channel might be caused by the trans-
port from lateral shallow shoals as in the case of
the San Francisco Bay was not investigated. The
objectives of this study were to obsevre the phyto-
plankton biomass distribution monthly along the
axis of the James River estuary and to investigete
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the most promising processes reponsible for the
blomass fluctuation in the very low salinity region
of the James River estuary.

II. Materials and Methods

The James River estuary(Fig. 1), the southern-
most of the major rivers empting into the western
side of the Chesapeake Bay, extends the entire
breadth of the state of Virginia, from its mouth at
Newport News to its headwaters in the Appalachian
Mountains near the Virginia-West Virginia State
line.

Water samples were obtained at approximately
one month intervals from July 1986 through August
1987. Stations were extended along the axial tran-
sect of the main channel from a fixed location off
Newport News Shipyard(NNS) or from the 2 %,
isohaline to a position off the city of Hopewell(Fig.
1). The locations of all stations were set based on
the surface salinity during each cruise rather than
geographic position. Surface water samples were
collected from the pumped outfolw of the fluoro-
meter for the determination of extracted chloroph-
yll a dissolved silicate, phosphate and nitrate.

Chlorophyll @ was determined by a continuous in
vivo fluorescence method(Lorenzen, 1966) with a
Turner Designs Model 10 fluorometer equipped
with an infrared sensitive photomultiplier and the
appropriate filters, calibrated with chlorophyll @ co-
ncentrations determined fluorometrically on 90%
aceton extracts of cells retained on a Gelman type
A-E glass fiber filter(Yentsch and Menzel, 1963;
Holm-Hansen et al,, 1965). Relative in vivo fluores-
cence was converted to chlorophyll ¢ by multipling
a calibration factor determined from samples taken
every 10~15 kms. Calibration of extracted chloro-
phyll was done with 90% aceton solutions of pure
chlorophyll a(Sigma Chemical Co.).

Water samples for nutrient anaysis were filtered
on shipboard through Gelman type A-E glass fiber
filters, which were stored in polyethylene bottles
and frozen until the analysis were performed. All
nutrient concentrations were determined colorimet-
rically by the methods of Strickland and Parsons
(1972), which were modified for the Rapid Flow

Analyzer(ALPKEM Corporation, 1986). The detec-
tion limit were * 0.05 pmole/L for nitrate and pho-
sphate and * 1.0 pmole/L for silicate methods.

Salinity was measured with a Beckman RS-5 sa-
linomter when the salinity was higher than 2 %o,
while Minisal Model 2100 salinometer was used for
the salinity less than 2 %o after water samples
were brought to the laboratory. Photosynthetic light
intensities in the water column were measured at
half meter intervals with a L1-185 Quantom/Radio-
meter/Photometer and light extinction coefficients
were calculated by light attenuation with depth.

Daily mean values for river discharge were pro-
vided by the Virginia State Water Control Board.
The discharge data were collected at station 0203
7500(37°33'47"N, 77°32'50"S) in the James River
near Richmond, Virginia.
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Fig. 1. The James River Estuary Study area
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River discharge varied, over the duration of the
study, from a low of 22.5m° sec™ on 11 October
1986 to a high of 4109.9m° sec™! on 18 April 1987.
The mean monthly discharge for July through No-
vemver 1986 was relatively low compared with
those of several previous years. The discharge in
July was 34.4m° sec™! and then increased to 70.4m°
sec”! in November. River discharge from Decem-
ber 1986 through March 1987 was representative
of normal annual hydrography, ranging from 124.1
to 407.3m° sec™’. The mean monthly discharge in
April 1987 was a very high of 1017.8m7 sec™, and
then it declined to relatively constant lower flows
until August 1987 when the mean monthly discha-
rge was 28.3m® sec (Table 1).

The surface salinity(Table 1) measured at the
estuary mouth was dependent on freshwater input.
It ranged from 15.3 to 25.0 %, except for on 21
April 1987 when the surface salinity was a very low
of 230 %o as a result of abnormally high river di-
scharge. Exepting April 1987, the location of the 1
%o isohaline extended over a distance of approxi-
mately 45km from Hog Point to just west of Wind-
mill Point. The location is comparable to the 45km
range for the very low salinity region designated
by Filardo and Dunstan(1985). The water column
in the very low salinity region was considered to
be vertically homogeneous, the salinity varying less
than 0.10 %o . The depth within this zone ranged
from 5 to 13 meters and was usually between 5 to
7 meters(the exeption being April 1987). Water te-
mperature varied in response to seasonal climate.
Mean surface temperature measured along the axis
of the main channel ranged from 4.78 € in Feb-
ruary 1987 to 29.57 T in July 1987(Table 1).

Light extinction coefficient ranged from 1.19 at
NNS on 12 August 1987 to 7.42 in the 0.78 %o
isohaline on 27 February 1987(Table 2). Relatively
higher values occurred each month in the upper
portion of the estuary, and the values decreased in
summer with decreasing river discharge. The com-
pensation depth at which the photosynthesis of a
cell is equal to its respiration was defined by the
dephth of 1% surface irradiance. The compensation
depth at NNS was 2.5 meters in February and inc-
reased steadily to 3.9 meters in August. At the city
of Hopewell, the compensation depth varied from
12 to 2.0 meters. The compensation depth in the
upper portion of the estuary was shollawest in Fe-

bruary(less than 0.8 meter) and deepest in August
(approximately 2 meter).

Table 1. Mean River Discharge(R, m* sec™'), surface
salinity at the mouth of the estuary(S, %),
the location of the 1%, isohaline(L, Km from
the mouth) and mean surface water tempe-
rature(T).

Date R S(%,)  L(km) (L)
Jul. 86 344 230 75.7 295
Oct. 86 50.5 236 79.8 195
Nov. 86 704 - 72.1 -
Dec. 86 124.1 178 52.1 74
Jan, 87 2205 - - 5.0
Feb. 87 3016 153 359 4.8
Mar. 87 4073 - - -
Apr. 87 1017.8 2.3 6.2 134
Jun. 87 1475 - 60.0 294
Jul. 87 1117 206 732 29.6
Aug. 87 283 25.0 780 288

Table 2. Light Extinction coefficient(k) in the main
channel of the James River estuary from Frb-
ruary through August 1987(D=distance
from the mouth, S=surface water salinity)

Month Dm) S(%.) Em™®
February 0.8 15.32 1.86
13.8 7.70 2.66

36.6 0.78 7.42

49.6 0.02 6.15

974 0 3.58

Jane 36.3 1.85 2.08
66.1 0.09 2.50

88.6 0 3.38

1054 0 314

July 0 20.58 1.30
29.3 7.68 1.69

49.7 2.36 206

75.1 0.50 2.20

98.8 0.06 5.99

August 6 25.00 1.19
29.1 12.90 142

61.3 3.05 215

85.9 0.30 3.30

1029 0.06 399

399



Chang Ho MooN

Phytoplankton Biomass

From July through December 1986 surface phy-
toplanktion chlorophyll a ranged from 148 yg/l on
20 December to 87.49 ug/l on 25 July. There were
chlorophyll @ peaks in the very low salinity region
from July through November. In July chlorophyll ¢
was relatively constant and low from NNS to the
170 %o isohaline(69.0km upstream). The concen-
tration increased rapidly form the 1.70 %o isoha-
line and peaked in the 0.12 %, isohaline(102. 5km
upstream) as 87.49 yg/l. It decreased sharply in the
freshwater zone. A similar pattern of chlorophyll a
distribution occurred in October and November.
The peak biomass disappered in December, chloro-
phyll @ ranging from 1.48 to 5.23 yg/l.

A composite plot of chlorophyll ¢ (July through
December 1986) is shown in Figure 2. From July
to November, maximum chlorophyll ¢ decreased
from 87.49 g/l to 40.65 ug/l and the location of the
peak moved 13.4km downsream. The peak did not
occur in December when chlorophyll ¢ was low in
the entire estuary including the freshwater zone.

By April 1987, chlorophyll ¢ peak in the very low
salinity region did not develope, chlorophyll @ ra-
nging from 1.50 yg/l on 21 January to 11.69 yg/l on
21 April. In February there was a phytoplankton
bloom at the estuary mouth with 49.79 yg/! chloro-
phyll a. The bloom disappeared by April and bio-
mass at the mouth remained relatively low through
the final sampling in August 1987. Chlorophyll «
peak in the very low salinity region occurred in
June with 61.35 yg/l and the peak remained until
August with increasing concentrations.

Surface phytoplankton chlorophyll ¢ data over
the tidal cycle were collected in three anchor
staions and the results of the biomass fluctuation
with the time of day are presented in Figure 3.
Surface chlorophyll @ concentration in October
1986, which was measured at Dancing Point, ra-
nged from 9.67 to 23.49 yg/l. In December 1986
(data collected at Dancing Point), maximum chlo-
rophyll ¢ was 4.66 yg/l and minimum was 2.97 ug/l.
In August 1987, data were collected near the posi-
tion where the peak biomass occurred(93.12m ups-
tream). Chlorophyll a concentraton in the surface
ranged from 86.58 to 101.97 ug/.

Figure 4. shows the surface chlorophyll a along
the main channel during the periods of flood and
ebb tides for one day. During each cruise, sampling
began at the 2 %, isohaline at the time of ebb
tide and proceeded upstream to the position off the
city of Hopewell, and turned back at the time of
flood tide and proceeded downstream to the 2 %
isohaline. Each tide was lasting for about 3 hours
while sampling took 1 hour. Chlorophyll a data
were continuously collected by in vivo fluorescence.
In October 1986, maximum chlorophyll ¢ during
periods of flood tide was 78.61 yg/l at the position
off Hopewell Eity(100.6km upstream) and the con-
centration at the same position decreasecd to 69.93
ug/l during ebb tide. The difference of 8.98 yg/ is
comparable to 15.39 yg/l of difference between ma-
ximum and minimum chlorophyll a concentration
measured over one tidal cycle at the anchor station
near the peak in August 1987. Maximum chloroph-
yll @ concentration during periods of ebb tide was
74.23 pg/l and occurred approximately 3km downst-
ream. The difference in chlorophyll @ concentration
between the two peaks was 4.38 yg/l but the peak
zones were almost equal in width. In December
1986, when the peak did not occur, there was little
difference in chlrophyll concentration between the
flood and ebb tides.
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Fig. 2. Surface phytoplankton biomass along the axis
from July through December 1986.
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Fig. 3. Surface phytoplankton biomass over the tidal
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Fig. 4. Surface phytoplankton biomass during the
pericds of flood and ebb tide.

Nutrients

The concentration of dissolved silicate ranged
from undetectable levels on October 25, 1986 to
161.2 pmole/l on January 21, 1987. Both maximum
and minimum concentration occurred in the very
low salinity region. A composite silicate plot from
October 1986 through February 1987 is shown in
Figure 5. During months characterized by high ri-
ver discharge(December 1986 through February
1987), dissolved silicate concentration was relati-
vely high along the axis of estuary, exhibiting a so-
mewhet conservative mixing. However, when dis-
charge decreased(October and November 1986),
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there was almost complete removal of dissoved si-
licate in the very low salinity region, showing a
non-conservative mixing. Another feature of dissol-
ved silicate distribution during the periods of low
river discharge was an increase in concentration at
mid estuary. The increase in concentration in July
and October 1986 occurred above the 1045 %o
and 11.11 %o isohaline, respectively. The positive
relationship with salinity indicates that there is a
source within the estuary resuppling the dissolved
silicate to the water column. On the other hand,
during months characterized by high river discha-
rge, high concentration in the freshwater zone
(more than 140 nmole/l) decreased steadily down-
estuary until the lowest concentration(less than 27
umole/) was achieved at the mouth of estuary.
Phosphate was generally present in concentra-
tions of less than 9 umole/l. The distribution pat-
tern along the axis of the estuary is almost identi-
cal with that of dissolved silicate. During the pe-
riods of low river discharge the concentration in
the freshwater zone was high(up to 8.70 pmole/D)
and then decreased rapidly to undetectable levels
in the very low salinity region where phytoplankton
biomass peaked. Removal rate calculated in Octo-
ber and November 1986 was 100 and 90%, respec-
tively. After removal within this zone, the concent-
ration increased with salinity at mid estuary above
the 15~50 %, isohaline. This is further downst-
ream compared to the increase in dissolved silicate
concentration which occurred until the 10~11 %,
isohaline. During high river discharge, when the
phytoplankton biomass was low within the entire
estuary, the distribution exihibited a somewhat co-
nservative mixing. The high concentration in the
freshwater zone decreased steadily down-estuary.
Nitrate concentration ranged from undetectable
levels in the 10.5 %o isohaline on 25 July 1986 to
136.2 pmole/! in the 030 %o isohaline on 24 No-
vember 1986. The nitrate distribution pattern was
different from that of dissolved silicate or phosp-
gate(Fig. 6). The concentration in the freshwater
was relatively low, usually less than 40 umole/I and
ith increased when freshwater mixed with seawa-
ter. During the summer and autumn months when
the phytoplankton biomass peak occurred in the
very low salinity region, nitrate concentration pea-



Chang Ho MooN

ked in the approximately 0.30 %o isohaline, while
it peaked in the 30 %o isohaline when the peak
biomass disappeared during winter and spring. Ma-
ximum concentration in summer and autumn(up to
135 ymole/l) was higher than that in winter and
spring(up to 75 umole/D). After the maximum con-
centration of nitrate, during summer and autumn,
there was a rapid decrease in concentration within
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Fig. 5. A composite silicate plct from the surface wa-
ter along the estuary axis from October 1986

the 0.3~6.0 %o mixing segment, and then the co-
ncentration decreased steadily. During winter and
spring, the concentration decreased steadily dow-
nestuary after the maximum conentration in the 3
%o isohaline. Consegently, nitrate mixed conser-
vatively above the 6.0 %o isohaline regardless of
the occurrence of phytoplankton biomass peak in
the very low salinity region.
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Fig. 7.

Phytoplankton biomass between the lateral shoals and channel during the time of slack tide near the posi-

tion where the peak biomass occurred on 19 June 1987.
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Iv. Discussion

The data show that there is a phytoplankton bio-
mass peak in the very low salinity region of the Ja-
mes Reiver estuary during summer and autumn.
The peak region has five to ten times greater bio-
mass than adjacent waters further up and downst-
ream. High phytoplankton biomass in the very low
salinity region of the mid-Atlantic rivers are consi-
dered as natural phenomena. Brehmer(1972) and
Anderson(1986) reported the high biomass within
this zone of the York, the Rappahannock and the
James Reiver estuaries, Simpson et al. (1977) in
the Hudson River estuary, D'Elia et al. (1983) in
the Patuxent River estuary, Woodward(1983) and
Bennett et al. (1986) in the Potomac River estuary,
Filardo and Dunstan(1985) in the James River es-
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tuary, and Sharp et al. (1982) in the Delarware es-
tuary.

Only a few studies have focused on the control-
ling processes responsible for the high phytoplank-
ton biomass in the very low salinity region. Simp-
son(1972) and Bennett et al. (1986) assumed that
the high biomass was due to the input of nutrients
from anthropogenic sources in the upper estuary.
The high phytoplankton biomass in the upper Hud-
son River estuary was attributed to nutrient enri-
chment from the New York city area which discha-
rged runoff and waste water. In the Potomac River
estuary, it was attributed to enrichment form the
washington, D. C. area.

In this study of the James River estuary, the lo-
cation of nutrient inputs does not seem to be res-
ponsible for causing the observed phytoplankton
biomass peak in the very low salinity region. High
concentratin of chlorophyll ¢ (87. 49 yg/) in July
1986, which occurred 102.5km upstream(located off
Hopewell city), decreased to very low biomass(16.
06 ug/l) at the same position in November 1986
(Fig. 2), while the biomass occurred 13.4km fur-
ther downstream. However, the peak always occr-
red in the region where salinity was less than 0.5
%6o0-

From another view point, nutrient limitation
could not be responsible for the low phytoplankton
biomass during the months of winter and spring
when the peak biomass disappeared. In spite of the
fact that dissolved silicate concentration was more
than 140 umole/], nitrate more than 30 umol/l,
and phosphate between 6 to 7 pymole/7 in the very
low salinity region, biomass was low, indicating
that physical, not chemical, factors were controlling
abundance within this zone.

Temperature also did not seem to be limiting fa-
ctor which caused the disappearance of the peak
biomass during winter and spring. At the time
when spring bloom occurred at the estuary mouth
in February 1987, the average surface temperature
was lowest as 4.8 T during study periods.

The effect of tidal state on the occurrence of the
phytoplankton biomass peak has not been investi-
gated before. There is evidence(Hass, 1977) that
the James River estuary regularly oscillates bet-
ween conditions of destratification and stratification
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of water column according tc the monthly spring-
neap tidal cycle. When the water column becomes
destratified during the spring tide, the distribution
of nutrients and oxygen also become homogeneous
(Webb and D’Elia, 1980). The diurnal cycles of tide
are known to affect the vertical distribution of total
suspecded matter with varying current speed(Ni-
chols, 1972). However, in this study of the James
River estuary, chlorophyll @ data collected in the
peak biomass zone in August 1987 showed little
variation over the tidal cycle(Fig. 3). The distance
between the two locations of the peaks during the
periods of flood and ebb tides in a day(October
1986) was approximately 3km. The difference in
chlorophyll @ between the two peaks was less than
5 yg/l(Rig. 4). In addition, the monthly spring-neap
tidal cycle did not affect the occurrence of the peak
biomass. Monthlty sampling was done at spring and
neap tide in an alternation pattern from July 1986
through February 1987. The peak biomass occured
in July through November 1986 independent of the
tidal state.

Cloern et al. (1983) reported that the phytoplan-
kton biomass in the northern San Francisco Bay
was a result of transport from adjacent Suisan Bay,
a very productive shallow area. However, the result
in the James River estuary showed a pattern diffe-
rent from the above case. Phytoplankton biomass
between the lateral shoals and channel was measu-
red continuously during the time of slack tide on
19 June 1987 near the peak region. The biomass
in the lateral shoals was much lower than in the
channel(Fig. 7). Thus, the higher biomass in the
channel does not appear to be transported from the
lateral shoals.

Anderson(1986) proposed that the phytoplakton
biomass peak in the very low salinity region of the
Chesapeake Bay tributasries are caused by the
same mechanism involved in the formation of the
turbidity maximum in partially -mixed estusary.
The James River estuary is an example of a partia-
liy-mixed estuary(Pritchard, 1952), which is often
characterized by a non-tidal net circulation in which
a surface layer of low-density water flows seaward
over a landward flowing bottom layer of high-den-
sity water(Pritchard, 1967). A generalized diagram
of the net circulation in the partially-mixed estuary

is presented in Figure 8. The distribution of suspe-
nded particles is influenced by such a non-tidal net
circulation. Dense particles sink into the bottom
current, which converges with river current near
the landward extent of salt intrusion where bottom
current is zero and upward vertical velocity is
greatest(Hansen and Rattray, 1965;1967). There-
fore, suspended particles accumulate to form a tur-
bidity maximum near this convergence zone, or
“null zone”. Because particle concentraion maxima
result from a balance between sinking and vertical
advection, only particles having appropriate densi-
ties accumulate(Postma, 1967). Light particles are
advected seaward in the surface layer and dense
particles are not resuspended. The density-selec-
tive accumulation of suspended sediments by es-
tuarine circulation is documented in the northern
Chesapeake Bay(Schubel, 1969), the Rappahannock
River estuary(Nichols and Poor, 1967), the James
River estuary(Nichols, 1972) and the northern San
Francisco Bay(Conomos and Peterson, 1977).

In this study of the James River estuary, a sam-
ple selected from the peak biomass zone was used
to make a qualitative assesment, using a micros-
cope, to know the dominant species. The dominant
species were freshwater forms of diatoms having
heavily silicified frustules. The genera ware Melo-
stra, Cyclotella, Synedra, Cocconeis, Gyrosigma, Navi-
cula and Surirells. Most of the dissolved silicate
was removed in the very low salinity region when
the peak biomass occurred(Fig. 5). Diatoms are
probably selectively trapped because their realtively
high. sinking rates balance the net upward water
velocity. Lighter forms of phytoplankton such as
flagellates are advected out of the very low salinity
region.

While it is hypothesized that the observed phy-
toplankton biomass peak in the very low salinity
region of the James River estuary is caused by the
same mechanism involved in the formation of the
turbidity maximum in partially mixed estuary, the
higher phytoplankton biomass did not seasonally
correspond to the greater magnitude of the turbi-
dity. The turbidity was stronger in winter and sp-
ring than in summer and autumn, but the peak
biomass disappeared in winter and spring. As river
discharge increases, the net-non tidal circulation in
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the San Francisco Bay is known to become stro-
nger and the net upward vertical water velocity to
become larger(Festa and Hansen, 1978; Peterson
and Festa, 1984). Therefore, higher settling veloci-
ties are required to develop a turbidity maximum.
Schubel(1969) showed that the mean diameter of
particles in the turbidity maximum of the Chesa-
peake Bay is larger in winter than in summer.
Meanwhile, sinking rate of a diatom during winter
decreased due to the increased coefficient of dyna-
mic viscosity at low temperature. Therefore, dia-
toms are probably not trapped in the turbidity ma-
ximum zone of the James River estuary during wi-
nter and spring due to both decreased sinking rate
of diatoms and increased net-non tidal circulation.

Hydrodynamic trapping seems to be responsible
for peak phytoplankton biomass in the James River
estuary, but it is still an unansewered question why
phytoplankton biomass does not accumulate further
downstream, a region where other inorganic suspe-
nded particles are still accumulating ? The distri-
bution and abundance of phytoplankton in an es-
tuary are determined by the biological processes in
addition to the transport mechanism that affects the
concentration of suspended particles. In addition to
behaving like inorganic particles, phytoplankton ce-
lls also grow, divide, decompose or are consumed.
Figure 9. ghows that phytoplankton biomass in the
very low salinity region decreases very rapidly be-
fore the approximately 1.5 %, isohaline. Several
hypotheses have been suggested to account for the
rapid decrease. They include limitation of lighy pe-
netration(Sharp et al,, 1982), increased flocculation
(Avnimelech et al, 1982) and osmotic stresss pla-
ced on freshwater phytoplankton(Morris et al., 19
78;1982; Filardo and Dunstan, 1985). Evidence
from the Tamar estuary(Morris et al, 1978;1982)
and the James River estuary(Filardo and Dunstan,
1985), which suggested that a mass mortality of
freshwater hypophobic phytoplankton occurred in a
narrow range of salinity, is most promising mecha-
nism respnsible for the initial decline of biomass in
the very low salinity region.
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