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ABSTRACT

Analyses of EPA long-term datasets (1985-1994) combined with field studies and
ecosystemn model development were used to investigate phytoplankton and nutrient
dynamics in the York River estuary. Analysis of the EPA dataset showed that algal
blooms occurred during winter-spring followed by smaller summer blooms. Peak
phytoplankton biomass during the winter-spring blooms occurred in the mid reach of the
mesohaline zone whereas during the summer bloom it occurred in the tidal fresh-
mesohaline transition zone. River discharge appears to be the major factor controlling the
location and timing of the winter-spring blooms and the relative degree of potential
nitrogen (N) and phosphorus (P) limitation. Phytoplankton biomass in tidal fresh water
regions was limited by high flushing rates. Water residence time was less than cell
doubling rate during seasons of high river flow. Positive correlations between PAR at Im
depth and chlorophyll a suggested light limitation of phytoplankton in the tidal fresh-
mesohaline transition zone. A significant relationship between the delta of salinity
between surface and bottom water and chiorophyll a distribution suggested the
importance of tidal mixing for phytoplankton dynamics in the mesohaline zone.
Accumulation of phytoplankton biomass in the mesohaline zone was generally controlled
by N with the nutrient supply provided by benthic or bottom water remineralization. [n
general, phytoplankton dynamics appear controlled to a large extent by resource
limitation (bottom-up control) rather than zooplankton grazing (top-down control).

The dynamics of phytoplankton size structure were investigated in the freshwater.
transitional and estuarine reaches of the York River over an annual cycle. The
contribution of large cells (micro-plankton, >20 um) to total biomass increased
downstream during winter whereas that of small cells (nano-. 3 - 20 um; pico-plankton.
<3 pm) increased downstream during summer. I conclude from these studies that spatial
and seasonal variations in size structure of phytoplankton observed on the estuarine scale
are determined both by the different preferences of micro-, nano-, and picoplankton for
nutrients and by their different light requirements. Analyses of phytoplankton size
structure are, thus. necessary to better understand phytoplankton dynamics and to better
manage water quality in estuarine systems.

An ecosystem model was developed to integrate these data and to investigate
mechanisms controlling the size-structured phytoplankton dynamics in the mesohaline
zone of the York River estuary. The model developed in Fortran90 included 12 state
variables describing the distribution of carbon and nutrients (nitrogen, phosphorus) in the
surface mixed layer. Forcing functions included incident radiation, temperature, wind
stress, mean flow and tide including advective transport and turbulent mixing. Model
results supported the general view that phytoplankton dynamics are controlled by abiotic
mechanisms (i.e. bottom-up control) rather than biotic, trophic interactions in the York
River estuary. Model sensitivity tests showed that small cells (pico-, nano-sized) are
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more likely regulated by temperature and light whereas large cells (micro-sized) are
regulated by physical processes such as advection and tidal mixing. Microphytopiankton
blooms during winter-spring resulted from a combination of longitudinal advection and
vertical diffusion of phytoplankton cells rather than in-situ production.
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PROJECT OVERVIEW

ECOSYSTEM ANALYSIS OF WATER COLUMN PROCESSES IN THE YORK
RIVER ESTUARY, VIRGINIA: HISTORICAL RECORDS, FIELD STUDIES AND
MODELING ANALYSIS
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INTRODUCTION & BACKGROUND

Estuarine systems are considered to be complicated marine environments for
scientists struggling to elucidate the ecology of an organism. On the other hand, they are
excellent sites for ecological studies since biotic and abiotic factors, varying spatially and
temporally, control the dynamics of organisms in the entire system. In addition to the
complexity of the systems, estuaries are productive (Ryther 1969) and play a major role
in supporting commercial fisheries since they provide habitats and food resources for

juvenile commercial fish and shellfish (Smith 1966, EPA 1982, Levinton 1982).

Understanding the dynamics of phytoplankton is important since as primary
producers they are the main source of carbon and nutrients (e.g. N, P) in a food web
(Kemp and Boynton 1981, Boynton et al. 1982, Coffin and Sharp 1987, Sundbaeck et al.
1990). Phytoplankton affect water quality, especially dissolved oxygen by
photosynthesis and respiration, and can serve as substrates for microbial decomposition
resulting in oxygen depletion when their ungrazed biomass has accumulated (Officer et
al. 1984, Seliger et al. 1985, Malone et al. 1986, Sundbaeck et al. 1990). In addition,
plankton are also light-absorbing particles which can limit their own growth, i.e., self-
shading (Kirk 1994), and the depth of light penetration. In eutrophic estuarine
environments, characterized by high nutrient input, primary production tends to be

unstable, and zooplankton or other higher level organisms typically can not respond
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quickly to oscillations in standing stocks of primary producers (biomass), resulting in an
accumulation of biomass. Accumulations of ungrazed biomass can modify the
composition of the classic food chain that includes phytoplankton, copepods and fishes
into a microbially-dominated food chain that includes DOC (from phytoplankton),
bacteria, protozoa and copepods. This shift in food chain composition gives rise to
enhanced microbial decomposition and oxygen depletion (Sundbaeck et al. 1990. Jonas

1992).

Phytoplankton production in aquatic environments may be regulated by bottom-
up controls, nutrient fluxes associated with physical variability and top-down controls,
biotic, trophic interactions (Carpenter et al. 1987, Day et al. 1989, Alpine and Cloern
1992, Kivi et al. 1993). There has been a controversy over the relative importance of
bottom-up vs. top-down control and established concepts of resource competition
(Tilman 1982) and trophic cascade (Carpenter et al. 1985) for many years. It is now
generally accepted that the relative importance of bottom-up vs. top-down control of
structure in phytoplankton is scale-dependent; that is, the structure is determined neither
entirely by resource competition nor trophic cascade over time scales of interest. In
estuarine environments, these controlling mechanisms interact with phytoplankton in
complex ways, mainly because of freshwater and tidal energy inputs into the system
(Alpine and Cloern 1992, Pennock and Sharp 1994, Cloern 1996). Temporal variations
in river discharge rates into an estuary can affect phytoplankton production and size
structure or taxon composition through several processes: 1. altering inputs of nutrients

from the surrounding watershed; 2. altering light availability by way of estuarine
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gravitational circulation, stratification, and changing the turbidity maximum zone along
the estuary; 3. altering rates of dilution or advection of phytoplankton; and, 4. altering the
amount of detrital or suspended organic matter supporting heterotrophs in an estuarine
system (Malone and Chervin 1979, Malone et al. 1980, Fisher et al. 1988. Malone et al.
1988, Gallegos et al. 1992, Madariaga et al. 1992, Boyer et al. 1993). Whereas seasonal
and interannual fluctuations in river discharge rates produce low-frequency oscillations in
the phytoplankton community, variations in tides (tidal mixing) result in high-frequency
oscillations (Haas 1975, Ray et al. 1989, Aksnes and Lie 1990, Cloern 1991). In
estuaries, industries such as sewage treatment plants and power plants also introduce
allochthonous inputs into the system. Increasing population and industrial development

may contribute to eutrophication through point or non-point sources in estuaries.

[t is necessary to fractionate phytoplankton assemblages into different size classes
as a way of elucidating phytoplankton dynamics since cell size influences the response of
phytoplankton communities to environmental variation (Takahashi & Bienfang 1983,
Fogg 1986, Oviatt et al. 1989, Glibert et al. 1992, Armstrong 1994, Hein et al. 1995)
thereby impacting aquatic food web structure and fisheries (Lenz 1992, Painting et al.
1993). These changes in size classes and fluctuating biomass, resulting from
environmental disturbance, impact nutrient and DO distributions as well as heterotrophic
consumers in the water column. Since cell size influences sinking (Michaels and Silver
1988) and transport rates, it will determine where ungrazed biomass accumulates and

undergoes microbial processing by bacteria and protozoa which then play a role in
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depleting DO (Jonas 1992) and in recycling nutrients (Caron 1991) which can be a major

source for primary production (Kemp and Boynton 1984).

The EPA Chesapeake Bay Program has supported biweekly to monthly
collections of water quality and biological data along the York River estuary since the
mid-1980's. Although a large database now exists for the York River, little has been
done to synthesize and use the information to analyze water column processes and
especially phytoplankton dynamics. The York River system can be considered as a
weakly eutrophic system compared with other tributaries in the Chesapeake Bay.
However, nitrate and total phosphorus loads have increased significantly in the
Pamunkey River (one of two rivers forming the York) over the period July 1989 to
December 1995 (Bell et al. 1996). The York River system may become more eutrophic
over the next decade as anthropogenic inputs of nutrients increases due to projected high
population growth rates and land use conversions (Corish et al. 1995). Despite the
importance of the phytoplankton community in terms of ecological and management
issues, mechanisms controlling phytoplankton abundance, production and community
composition in the York River estuary have not been well established.

For several decades, simulation models have been used to explore plankton
dynamics in aquatic systems due to their ability to integrate and synthesize a tremendous
array of information. Models have been used to describe interactions between various
plankton components and their physical-chemical environments which would be difficult

otherwise due to the complexity of the interactions.
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The objectives of this study were to: (1) examine seasonal and spatial variations
of the size structure and the biomass of phytoplankton and investigate major controlling
factors for the phytoplankton community in the York River estuary by analyzing both
historic datasets (10 years of EPA long-term data) as well as field data collected over an
annual cycle, (2) develop an ecosystem model describing phytoplankton dynamics and
explore the main factors controlling size structure of the phytoplankton community in the

York River estuary integrating the existing and field data.

This dissertation is grouped into four chapters, i.e., project overview, three
research chapters, and summary and synthesis. Research section one describes spatial
and temporal characteristics of phytoplankton and inorganic dissoived nutrients based on
EPA long-term datasets (1985-1994). Spatial and temporal characteristics of size
fractionated phytoplankton are presented in Section [I. Development of an ecosystem

model and the ecosystem modeling analyses are presented in Section III.
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ABSTRACT

Ten years (1985-1994) of data were analyzed to investigate general patterns of
phytoplankton and nutrient dynamics, and to identify major factors controlling those
dynamics in the York River Estuary, Virginia. Algal blooms were observed during
winter-spring followed by smaller summer blooms. Peak phytoplankton biomass during
the winter-spring blooms occurred in the mid reach of the mesohaline zone whereas peak
phytoplankton biomass during the summer bloom occurred in the tidal fresh-mesohaline
transition zone. River discharge appears to be the major factor controlling the location
and timing of the winter-spring blooms and the relative degree of potential N and P
limitation. Phytoplankton biomass in tidal fresh water regions was limited by high
flushing rates. Water residence time was less than cell doubling rate during high flow
seasons. Positive correlations between PAR at 1m depth and chlorophyll a suggested
light limitation of phytoplankton in the tidal fresh-mesohaline transition zone.
Relationships of salinity difference between surface and bottom water with chlorophyll a
distribution suggested the importance of tidal mixing for phytoplankton dynamics in the
mesohaline zone. Accumulation of phytoplankton biomass in the mesohaline zone was
generally controlled by N with the nutrient supply provided by benthic or bottom water
remineralization. The implications of limiting factors and river discharge for water

quality management in the basin are discussed briefly.
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INTRODUCTION

Phytoplankton abundance and primary production in aquatic environments may
be regulated by abiotic mechanisms such as nutrient fluxes related to physical-chemical
variability (i.e. bottom-up control) and biotic, trophic interactions (i.e. top-down control)
(Carpenter et al. 1987; Day et al. 1989; Kivi et al. 1993; Armstrong 1994; Caraco et al.
1997). In fact, there has been continuing controversy and debate over the relative
importance of bottom-up vs. top-down controls and established concepts of resource
competition (Tilman 1982) and trophic cascade (Carpenter et al. 1985) for many years. It
is generally accepted that the relative importance of bottom-up vs. top-down controls of
structure in the phytoplankton is scale-dependent; that is, the structure is determined
neither entirely by resource competition nor trophic cascade over time scales of interest.
[n estuarine environments, these controlling mechanisms interact with phytoplankton in
complex ways, mainly because of freshwater and tidal energy inputs into the system
(Alpine and Cloern 1992; Pennock and Sharp 1994; Cloern 1996). Temporal variations
in river discharge to an estuary can affect phytoplankton production and size structure or
taxon composition through several processes (e.g. Malone and Chervin 1979; Malone et
al. 1980; Cloern et al. 1983; Pennock 1985; Malone et al. 1988; Gallegos et al. 1992;
Madariaga et al. 1992; Boyer et al. 1993). While seasonal and interannual fluctuations in
river discharge invoke low-frequency oscillations in the phytoplankton community,

variations in tides (tidal mixing) result in high-frequency oscillations (Haas 1975; Ray et
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al. 1989; Aksnes and Lie 1990; Cloern 1991). In estuaries, facilities such as sewage
treatment plants and power plants also introduce allochthonous inputs. Increasing human
population densities and industrial development contribute to eutrophication through
point and non-point sources in estuaries.

The EPA Chesapeake Bay Program has supported biweekly to monthly
collections of water quality and biological data along the York River estuary since the
mid-1980's. Although a large database now exists for the York River, little has been
done to synthesize and use the information to analyze water column processes and
especially phytoplankton dynamics. The York River system can be considered as a
weakly eutrophic system compared with other tributaries in the Chesapeake Bay.
However, nitrate and total phosphorus loads have increased significantly in the
Pamunkey River (one of two rivers forming the York) over the period July 1989 to
December 1995 (Bell et al. 1996). The York River system may become more eutrophic
over the next decade as anthropogenic input of nutrient increases due to projected high
population growth rates and land use conversion (Corish et al. 1995). Despite the
importance of the phytoplankton community in terms of ecological and management
issues, mechanisms controlling phytoplankton abundance, production and community
composition in the York River estuary have not been well established.

The objectives of this study were to: (1) examine seasonal and spatial variations
of phytoplankton and nutrient concentrations in the York River over the period 1985-
1994; and (2) investigate mechanisms controlling phytoplankton and nutrient dynamics

on seasonal, annual, and interannual time scales.
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MATERIALS AND METHODS

Area description and data analyses

The York River system, a subestuary of the Chesapeake Bay, is composed of
three rivers, i.e. the York, Pamunkey, and Mattaponi (Fig. 1). The York River is formed
by the confluence of the Pamunkey and Mattaponi rivers at West Point (48 km from its
mouth). Total average freshwater discharge to the river system is 70 m’ sec’’ (Hyer
1977). The salinity distribution of the York River system is affected by the interaction of
freshwater, salt water, tidal energy and wind. Salinity gradients between the surface and
bottom layers are influenced by neap and spring tidal cycles with destratification of the
water column occurring at high spring tides and stratification developing during the
intervening periods (Haas 1975). During low flow conditions, salt water extends 21 to 31
km upriver from West Point (Bender 1986).

The EPA Chesapeake Bay Monitoring Program (CBMP) and the Virginia State
Water Control Board (VSWCB) have collected water quality data from 1O stations in the
York River system over the period 1984 to the present. The results presented here
include analyses of the water quality data from 7 stations along the axis of the Pamunkey
and York rivers collected between June 1984 and December 1994. Locations of the
sampling stations are shown on Fig. 1. The stations represent tidal freshwater, river —

estuary transition, and upper, middle and lower estuarine zones. TF4.2 is located in the
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Fig. 1. The EPA Chesapeake Bay Monitoring stations in the York River estuary.
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tidal freshwater zone. RET4.1 is located upriver of RET4.3 in the transitional zone of the
Pamunkey River. LE4.1, LE4.2 and LE4.3 are in the upper, mid, and lower reaches of
the mesohaline zone of the York River respectively. WE4.2 is located at the mouth of the
estuary (mesohaline). Station designations are those used by the Virginia State Water
Control Board (1987). Data were collected monthly between November and February
and twice monthly during the periods of March through October, when biological activity
was highest and water quality problems most apparent (Virginia Water Control Board
1987).

Biological and other living resources have been assessed at stations TF4.2,
RET4.3 and WE4.2 since July 1986 and primary production (estimated by H'*CO+"
uptake, pg C I"' h™') since January 1989. Mesozooplankton (> 202 um) abundance from
July 1986 to December 1994 and microzooplankton (> 73 and < 202 um) abundance
from January 1993 to December 1994 were analyzed for this study. Chlorophyll a data
were collected from surface water only at all stations except station WE4.2 where
chlorophyll a was measured in both surface water and at I m above bottom. Light
attenuation coefficients (K;) were estimated by dividing 1.45 by reported secchi disk
depths. PAR (photosynthetically active radiation) at | m depth was calculated using
Beer’s Law, I. = [, e™, where I is the intensity of light at z, the depth of interest, /, is the
surface intensity, and k is the water column attenuation coefficient. Solar radiation data
(1989-1994) measured at the Virginia Institute of Marine Science located ca. 10 km
upstream from the York river mouth were used for the /, values.

Mean daily river discharge (Q) of the Pamunkey and Mattaponi rivers at the fall

line were collected by the U.S. Geological Survey. Only discharge data for the
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Pamunkey River were used in these analyses since discharge patterns of the Mattaponi
River followed those of the Pamunkey. Monthly means were derived and used for all
analyses. To examine the effects of variable river discharge rates three distinct
hydrographic years were chosen from the data set. The lowest (1991, Q = 16.1 m’s™)
and highest flow years (1994, Q =43.9 m’ s™' ) over the 10 year period of study were
chosen to examine the extremes in river discharge rates. Mean flow (Q = 28.9 m’ s") for
54 years (1941-1994) was determined and 1990 (Q =31.9 m’ s") was chosen as
representative of the mean flow year. To examine the effects of river discharge rates on
phytoplankton dynamics at the lower estuary stations (LE4.1, LE4.2, LE4.3 and WE4.2),
it was necessary to determine lag time, defined as the time required for transport of a
water mass from the fall line to the lower estuary (mesohaline zone). Lag time was
determined as the time delay necessary to optimize the R’ value for regressions of salinity
vs. river discharge for low and high flow periods of the year. Two periods were selected:
January to May as the high flow period and June to December as the low flow period in a
yearly cycle since river discharge rates varied with season. Scenarios of 0, 1. and 2
months were established from the results of running an 1-D hydrodynamic model for the
York River developed by Dr. J. Shen at the Virginia Institute of Marine Science (VIMS).
Linear regression was used to investigate statistical correlations between the
various water quality parameters and physical factors. Raw data or monthiy averages

were used in the regression analysis without log transformations.
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RESULTS

River discharge and response lag periods

Figure 2 shows the seasonality of river discharge measured at the fall line in the
Pamunkey and Mattaponi rivers. Periods of high discharge occur in winter and spring
followed by reduced or low discharge during the summer and fall. Discharge rates near
the fall line on the Pamunkey at Hanover, Virginia average 28.6 and on the Mattaponi at
Beulaville Virginia 15.0 m’ s™' over the period 1985 to 1994. Peak discharge rates were
extraordinarily high during the years, 1993 and 1994.

Table | shows R? values for regressions of surface salinity vs. river discharge and
indicates the importance of considering lag time for stations in the lower estuary (stations
LE4.1, LE4.2, LE4.3). For example, when salinity at station LE4.3 (lower estuary) was
regressed against river discharge with no lag time included, the R” value for the
regression was the minimum. For the low flow period of June to December. inclusion of
a 2 month lag improved the R” for the regression from 0.07 (no lag) to 0.39 (2 month
lag). For stations LE4.2, LE4.3 and WE4.2 lag times of | and 2 months were chosen for
the periods January to May and June to December, respectively in the following analyses.
At station LE4.1 no lag was used for the high flow period and a | month lag during the

low flow period.
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Fig. 2. Time series of river discharge rates of the Pamunkey and Mattaponi River in the

York River estuarine system from 1985 to 1994.
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Table 1. R? for linear regression of surface water salinity vs. river discharge rates
measured at the fall line in the Pamunkey River. Ten years (1985-1994) of monthly
mean data were used for the analysis.

Station: LE4.1 LE4.2 LE4.3
Scen aﬁzeﬁ"d: Jan-May  Jun-Dec Jan-May  Jun-Dec Jan-May Jun-Dec
No lag 0.47° 0.33° 0.45° 0.21° 0.34° 0.07°
| month-lag 0.26° 0.45° 0.34° 0.36" 0.52° 0.28°
2 month-lag 0.20° 0.40° 0.29* 0.38° 0.52° 0.39°

* P <0.05," P <0.0001
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Seasonality of phytoplankton blooms and productivity

Over the 10 year period, each station showed a repeating pattern of seasonal
phytoplankton blooms (Fig. 3). Blooms were arbitrarily designated as episodes when
chlorophyll a exceeded 10 ug I"'. In tidal freshwater regions (TF4.2, RET4.1), maximum
chlorophyll concentrations usually occurred during the summer, low flow period but were
generally short in duration and less than 15 ug I"' chlorophyll (Fig. 3A, 3B). At the lower
transition station (RET4.3), two bloom periods were evident; a short, winter bloom
followed by a more intense late spring-summer bloom (Fig. 3B, 3C). The upper and mid
reaches of the mesohaline zone (LE4.1, LE4.2) had winter-spring blooms and smaller
summer blooms (Fig. 3D, 3E) while the lower reach (LE4.3) experienced smaller winter-
spring and no apparent summer blooms (Fig. 3F). The transitional station RET4.3 had
relatively high concentrations of chlorophyll a during the summer at a time when nitrite +
nitrate input from freshwater was low.

Seasonal and spatial characteristics of primary production were similar to those of
phytoplankton biomass (Fig. 3). Phytoplankton production was high during summer and
low during winter at the tidal freshwater station (Fig. 3A). At transition station RET4.3.
two peaks were observed; a short, winter peak followed by a higher and prolonged
summer peak (Fig. 3B). The station at the mouth of the estuary showed a spring peak

and relatively high production during summer (Fig. 3C).

Effects of river discharge on phytoplankton biomass

Table 2 gives the results of regression analyses of chlorophyll @ or primary production

versus river discharge, Ky, PAR and temperature for low, mean and high flow
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Fig. 3. Seasonal distributions of chlorophyll a and primary production in the York River
system; monthly means and standard errors were calculated from the 10 years data (1985-
1994) for chlorophyll a and from 7 years data (1988-1994) for primary production.
Dashed line at 10 ug I"' indicates our criterion for algal blooms and primary production

shown in Fig. 3F was measured at WE4.2.
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Table 2. Results (R?) of linear regression analysis of chlorophyll ¢ (ug 1) or primary production (ug C 1" by vs. river discharge rates
Q, m’ s"), light attenuation coefficients (K, m'), PARat I m depth (PAR, HEin m s") and temperature (T, C) during the low
(1991), mean (1990) and high (1994) flow years. R? less than 0.1 omitted and denoted by ‘. R?in parentheses represents correlation
for primary production and negative values represent negative relationships.

1991 (Low Flow) 1990 (Mean Flow) 1994 (High Flow)
suions. T Q K«  PAR T Q K«  PAR T Q Ks  PAR T
TF4.2 -0.14 0.28" 0.26" -0.30° 0.45° 011 0.47°
0.17) (0.29%) (0.32% ©.11) () (0.38%) ) () (0.71%)

RET4.1 -0.27° -0.34 0.55" 0.60° - 0.49° -0.17 0.68" 0.15 -0.12 0.23 0.33°
RET4.3 -0.20 0.11 -0.34° 0.11 0.48°

O 0 (0.29% 0.21) (0.15) (0.16) 087"  (0.28Y () (0.66%)
LE4.1 - 0.15 0.14 0.74°
LE4.2 0.19 -0.15 0.32° 0.15 0.13 0.66" 0.69° 0.31°
LE4.3 0.32° 0.49° 0.30° -0.18 0.49° 0.63°
WE4.2 0.64° 0.29" 0.11 0.28* 0.48" 0.23

0) (0.13) (0.20) ) () 0.44%) (0.15) (0.26% 0.66" (0.35%) () ()

" P<0.1,°:P<0.05
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years (1991, 1990, and 1994, respectively). Chlorophyll a concentrations and
distributions were generally correlated with river discharge (Table 2). The correlations
were highest and more evident during years of mean (1990) and high flow (1994) than
during low flow (1991). For all flow conditions, chlorophyll a was negatively correlated
with river discharge rate in the upper, tidal freshwater and oligohaline regions of the
estuary and positively correlated for mean and high discharge rates in the lower estuary.
A 1-D hydrodynamic model (Dr. J. Shen, VIMS) was run to estimate residual velocity
(ms™) in the tidal freshwater zone using mean river discharge rates over 9 years (1983-
1992) for the months of August and January. Residual velocities in August and January
were estimated to be 3.63 and 6.85 km d’' respectively at the tidal freshwater station
(TF4.2). Mean doubling times of phytoplankton in the Pamunkey River are reported to
be 2.12 and 0.92 d”' for August and December respectively (Kindler 1991). Using these
estimates, phytoplankton would require 0.47 and 1.09 days to double their biomass
during summer (August) and winter (December) and would be transported 1.71 and 7.47
km in the required time intervals. Thissuggests that the phytoplankton are flushed out of
the upper, tidal freshwater regions during the winter or high flow periods, preventing
phytoplankton biomass from accumulating.

In the mesohaline zone the positive correlation bet