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FIGURE 365.-Initial stage in the formation of an oyster bank on very soft mud of a tidal flat. Photographed at low
tide near Brunswick, Ga.

WATER MOVEMENTS

Free exchange of water is essential for the
growth, fattening, and reproduction of oysters.
An ideal condition is represented by a steady,
nonturbulent flow of water over an oyster bed,
strong enough to carry away the liquid and gaseous
metabolites and feces and to provide oxygen and
food. Furthermore, an oyster bed can expand
only if the larvae are carried by the curren ts and
at the time of setting are brought in contact
with clean, hard surfaces. Estuaries seem par­
ticularly suitable for the expansion of oyster
communities and for the annual rehabilitation of
oyster populations reduced by harvesting because
some larvae, carried back and forth by the oscil­
lating movements of tidal waters, eventually
settle beyond the place of their origin.

In large embayments, such as Long Island
Sound, the difference between the surface and
bottom salinities is small, about 1%

0 or 2% 0 .

In tidal rivers and true estuaries the differences
between the salinities of the lower strata and those
at the surface are considerable. Salinity strati-
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fication, as will be shown later, complicates the
pattern of circulation.

The great variety of conditions found in the
bodies of water within the tidal zone makes it
difficult to define the term "estuary" in a few
precise words. A Latin dictionary (Andrews,
1907) defines the word HAestuarium 1J or "Aestus"
as a part of the seacoast overflowed at flood tide
but at ebb tide left covered with mud and slime.
Some authors extend the concept of an estuary to
include such large bodies of water as the Mediter­
ranean Sea and the Gulf of Mexico, while others
restrict the use of the term to relatively small
coastal indentures in which the hydrographic
regime is influenced by the river discharge at the
head and the intrusion of sea water at the mouth.
Cameron and Pritchard (1963) define an estuary
as "a semienclosed coastal body of water having
free connection ,vith the open sea and within
which the sea water is measurably diluted ,vith
fresh water deriving from land drainage." The
essential features of a true estuary are the inflow
of river water at the head and the periodical
intrusion of sea water at its mouth. Stommel
(1951) classifies estuaries by the predominant
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causes of movement and mixing of water, which
may be due either to tide, wind, or river flow.
Rochford (1951) points out the significant differ­
ences between brackish water and estuarine en­
vironment. According to his ideas, brackish water
refers to a dynamically stable environment of
lakes, lagoons, etc., in which sea water, diluted
by fresh water, is not necessarily influenced by
tidal movements. On the other hand, the estua­
rine environment, influenced by tidal rise and
fall, is dynamically unstable.

The persisting factors of a typical estuarine
environment are seasonal salinity variations and
circulation exchange between the river and sea
water. The intruding salt water forms a wedge
or prism with its base at the mouth and the tip
at the upper part of the estuary. The position of
the wedge along the bottom and its dimensions
depend to a great extent on the flow of the river
water.

Circulation and mixing of water is a highly
complex problem adequately discussed in the
papers of Rochford (1951), Ketchum (1951a,
1951b), Pritchard (1951, 1952a, 1952b), and in
the textbook, The Sea, vol. II, edited by Hill
(1963).

It is important for a biologist to understand
that the type of circulation that prevails in a
specific estuary depends on physical structure,
i.e., size, depth, bottom configuration, etc., river
flow, and vertical salinity gradients along the
entire length from head to mouth. Circulation
pattern and mixing have important biological
implications in the study of the distribution and
transport of sediments, pollutants, and plank­
ton, including free-swimming larvae of sedentary
invertebrates.

The volume of fresh water entering at the head
of an estuary occupies the upper layer and
exceeds the volume of the up-estuary flow in the
lower and more saline layer by an amount sufficient
to move the fresh water toward the sea (Pritchard,
1951). As one moves seaward, the volume of
saline water contributed by the ocean increases
while the river water, entered at the head of the
estuary is being removed. The process of removal
of river water, called flushing, continues throughout
the estuary from its mouth to the so-called "inner
end" which is defined by Ketchum (1951b) as
"the section (of an estuary) above which the
volume required to raise the level of the water
from low to high water mark is equal to the
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volume contributed by the river during a tidal
cycle." Consequently, there will be no net
exchange of water through this section during a
flood tide and the water above the section should
be completely fresh.

The salinity at any location below the inner
end varies with tide but returns to substantially
the same level on successive tidal stages. Assum­
ing that a net seaward transport of fresh water
during any tidal cycle is equal to the volume
introduced by the river in the same period of time,
and that there is no net exchange of salt water
through the cross section during the same tidal
cycle, Ketchum (1951b, 1954) advanced a simpli­
fied theory which permits an easy calculation of
the proportion of water removed by the ebb tide.
This theory is based on the assumption that in
each of the volume segments, limited by the
average excursion of water on the flood tide, the
water is completely mixed at high tide. Accepting
this assumption, which is obviously a simplification
of the actual conditions, the rate of exchange in a

given segment (rn) has the value rn Pn~vn in

which Pn is the intertidal volume and Vn the
low tide volume of the segment n. The average
length of time required for the river water with
a particle suspended in it to move through a
segment of an estuary is called flushing time,
which is defined as a ratio obtained by dividing
the volume of river water, calculated from the
salinity data, by river flow. The ratio is expressed
in number of tides. In Raritan Bay, N.J., a
survey made by the Woods Hole Oceanographic
Institution indicates the flushing time for the
entire estuary was 60 tides.

If a stable pollutant is discharged at a constant
rate at the head of an estuary and is uniformly
mixed as it is transported downstream, its propor­
tion in the water can be calculated by using the
formula of Hotelling which was applied in deter­
mining the concentration of pollutant over
Olympia oyster beds (Hopkins, Galtsoff, and
McMillin, 1931). According to this formula the
proportion p of a contaminant in a basin is:

=~ [l-(l-a+b)IJ
P a+b V

where a is the rate of discharge of contaminant
in acre-feet per day, b the rate of influx of water
into the basin in acre-feet per day, V the total
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volume of the basin in acre feet, and t time in
days since the pollution started.

In this formula it is assumed that the influx
and efflux occur discontinuously once a day. By
assuming that the influx of contaminated water
and the efflux are continuous, Tuckerman (see:
GaItsoff, Chipman, Engle, and Calderwood, 1947,
p. 100) arrives at the following formula:

p=poo[l-(l-K)t]

where poo is the limit which the proportion of
contaminated water approaches after a long time

and K atb. Computations made by using the

two formulas indicate the same value for the

poo = a~b' but differ in the rate at which this

limit is approached. For the small values of

K atb which are usually encountered in estu­

aries, the two rates are practically identical and
the simpler Hotteling formula may be applicable.

In many estuaries the water is stratified. With
relation to stratification and circulation patterns
Pritchard (1955) distinguishes four types of
estuaries-highly stratified (type A), moderately
stratified (type B), and virtually homogeneous
(types C or D). The reader interested in the
dynamics and flushing in different types of es­
tuaries should consult the original contributions
of Pritchard (1952a, 1952b, 1955) and Pritchard
and Kent (1953) in which the complex hydro­
dynamical problem is analyzed. It is sufficient
for a student of oyster ecology to realize that
vertical and horizontal distributions of oyster
larvae will be different in each of the four principal
types of estuaries.

A free-swimming organism such as bivalve larva
cannot be considered in the same manner as a ma­
terial dissolved in water or as an inanimate body
passively transported by water movements. Lar­
vae of bivalves, barnacles, and other invertebrates
may have a tendency to swarm and, therefore,
their distribution may not be uniform even in a
homogeneous environment. Oyster larvae react
to changes in the environment by periodically
closing their valves and dropping to the bottom or
by swimming actively upward or in a horizontal
plane. Consequently, they may be carried up­
stream or downstream according to their position
in the water column. Field observations in the

402

estuaries of New Jersey and Chesapeake Bay
(Carriker, 1951; Manning and Whaley, 1955;
Nelson, 1952) in which the salinity of water in­
creases from surface to bottom indicate that ver­
tical distribution of larvae is not uniform. The
late umbo larvae of O. virginica have a tendency
to remain within the lower and more saline strata,
and are probably stimulated to swim by the change
in salinity at flood tide. A brood of larvae swim­
ming within a given salinity layer will be passively
moved in the direction of the current. Nelson
observed that in Barnegat Bay, N.J., the brood of
larvae of setting size was carried about 3 miles up
the bay in a single evening spring tide. In
Yaquina River, a small tidal stream along the
ocean shore of Oregon, swimming larvae were
transferred by tidal currents and set several miles
above the natural beds (Fasten, 1931; Dimick,
Egland, and Long, 1941). There are many other
places where setting grounds are far above the
spawning grounds. Since the seaward discharge
of water in an estuary usually exceeds the land­
ward movement, it was difficult to visualize a
mechanism by which the larvae can be transported
up an estuary and left there. The existence of
such a mechanism became apparent, however,
from the hydrographic studies by Pritchard (1951).
He found that estuaries may be considered as being
composed of two distinct layers: an upper layer
in which the net movement is toward the mouth
(positive movement), and the lower layer in which
the net movement is toward the head of the estuary
(negative movement). There is a boundary be­
tween the two layers which may be called "the
level of no net motion" (fig. 366). Since the net
movement seaward does not result in a net dis­
placement of the lines of constant salinity in the
upper layer, there must be a progressive transfer
of the deeper, higher salinity water of the lower
layer upward, across the boundary level, to be
included in the seaward transfer. The role of the
strongest tidal currents is primarily that of pro­
viding energy for the mixing processes. Compu­
tations made by Pritchard show that superimposed
on tidal oscillation there is a residual or nontidal
seaward drift on the surface and a net landward
drift along the bottom. He applied his theory to
a study of the seed oyster area of the James River,
Va., and found that below a depth of about 10 feet
there is a net (or residual) upstream movement of
water at an average speed of slightly more than
one-tenth of a knot. This is the type of estuary
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FIGURE 366.-Estuarine structure and net (Le., nontidal or residual motion of water). Dotted line marks the boundary
between the upper and lower net movement; the boundary is the level of "no net motion." From Pritchard, 1951,
fig. 3.

in which larvae move from the spawning grounds
at the mouth of the river up into the seed oyster
bed area. Bousfield (1955) applied Pritchard's
ideas to an analysis of distribution of barnacle
larvae in the Miramichi estuary, New Brunswick,
Canada. The retention of larval populations in
this estuary was found to be due to a combination
of two factors: changes in the average vertical
distribution of successive larval stages, and the
strength and direction of transport by residual
drift at different depths. This theory of larval
retention and the mechanism of transport is not
applicable to bodies of water in which there is no
salinity stratification or where the residual upriver
drift is insignificant.

Least favorable in the life of an oyster com­
munity are occasional turbulent currents of high
velocities which may dislodge and carry away
young and even adult oysters not attached to the
bottom. Oysters attached to rocks and other
structures are not destroyed by strong currents,
but their valves are injured by small pebbles and
sand acting as an abrasive material. Live
oysters with shells damaged by abrasion can be
found in the Sheepscot and other tidal rivers
along the coast of Maine.

Continuous renewal of sea water running over
a bottom in a nonturbulent flow is the most
desirable condition for a flourishing oyster com­
munity. On the basis of experimental studies
discussed in chapter IX, p. 195, it may be assumed
that under optimal conditions of temperature
and salinity an average adult O. virginica trans­
ports water at the rate of 15 1. per hour. With
250 large oysters to a bushel and 1,000 bushels
per acre, an oyster bed of that size would require
3.75 million liters of water per hour. My
observations show that under the best of condi-
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tions oysters can take in water only from a
distance not exceeding 2 inches from the shell.
It is, therefore, necessary to know the rate of
water exchange within the narrow layer adjacent
to the oyster bottom. The situation may be
different in the case of vertical mixing of water
due to turbulent flow.

The amount of water available to an oyster
population can be calculated if the number of
individuals on the bottom and the rate of water
movements are known. In the case of a turbulent
flow, vertical mixing of water depends on the
degree of turbulency. If the mixing extends to
the height of 1 foot above the mud line, the total
volume of water in which the oyster population
lives in our example is 1 acre-foot or 325,851
gallons (1.25 million 1.). It follows that the
current velocity must be strong enough to renew
the volume of the layer above three times (3.75+
1.25) every hour or 72 times in 24 hours. In
cases of greater population density the current
requirements are proportionally higher. Due
allowance should be made, of course, for the
presence of other water-filtering animals which
compete with the oyster for food. It is clear,
therefore, that great concentrations of water­
filtering organisms are possible only where there
is sufficient renewal of water. The oyster reef
in the Altamaha Sound, Ga., (fig. 367) is a good
example of this condition. Such concentrations
of live oysters crowded over a limited space
cannot exist in sluggish water and are found only
in rapid tidal streams.

The water movement factor can be evaluated
by determining whether the rate of renewal of
water over the bottom is sufficient for the needs
of the population and whether the pattern of
circulation is such that a certain percentage of
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