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Mary Louise Lauria

Highly dynamic aquatic systems have often been reported to support actively growing populations of
phytoplankton. The partially-mixed, macrotidal, temperate estuary Southampton Water is no exception,
with reports of frequent temporal patterns of spring and summer maxima in algal biomass. During this
study, the close coupling between the estuarine hydrology and the phytoplankton community was
confirmed by the results from an intensive sampling strategy, spanning-various temporal scales. Using
high frequency data, collected from acoustic Doppler current profilers (ADCP) and CTDs, the physical
mixing processes within the estuary were determined and combined with high resolution phytoplankton
species ‘data to assess the physical pressures on the microalgal community.  Initial surveys were
conducted to provide snapshots of the estuary during productive periods, followed by more intensive,
longer term monitoring to observe population growth and succession.

Through seasonal investigations, the aggregation of algal biomass (quantified by chlorophyll a
concentration) at differing vertical heights in the water column was realised. ~On closer examination
using microscopic identification, the different vertical profiles were shown to be due to phytoplankton
succession from the spring to the summer months. Diatoms (Rhizosolenia delicatula) proliferated in the
spring, where the population was localised in the near-bottom layers, whilst the summer bloom was
dominated by autotrophic dinoflagellates (Prorocentrum micans and Peridinium trochoideum),
manifesting in a sub-surface chlorophyll ¢ maximum.. The vertical position of diatom species, both
pelagic and benthic, suggested no dependence on incident irradiance, but seemed solely governed by
current velocities, shear and wind mixing events. Other passive constituents of the water column, such
as suspended particulate matter, were also closely coupled with boundary shear and followed regular
patterns of re-suspension similar to those shown by the diatom community. In the summer, apparent
active vertical migration was. observed . for several species of dinoflagellate. - Whilst this apparent
migration was closely linked to the incident irradiance, the extent and timing of migration was highly
dependent on the tidal state and the water column stability.

During one 25 hour Eulerian investigation, apparent positive vertical migration was observed in
several dinoflagellate species, where the controlling factor was incident irradiance.  Dinoflagellates
were observed to descend during the dark periods when the water column was stable. However, the
vertical distribution of the autotrophic ciliate Mesodinium rubrum suggested that migrations ‘into the
surface waters were linked with periods of water column stability and not triggered by surface
irradiance.

The unique tidal régime that governs the physical mixing processes in Southampton Water translates
into periods of stability separated in time by intermittent turbulence. This periodic stability within the
water column during reduced tidal forcings permitted the surface aggregation of dinoflagellates, which
became homogeneously distributed when turbulence intensified during the ebb and flood currents.
‘Diatoms, conversely, relied on vertical mixing to enter the ‘surface layers of the water column and
aggregated in'the lower layers during times of water column stability. - Data from the seasonal surveys
suggested that diatoms and dinoflagellates were able to co-exist during the summer by utilising
contrasting properties of tidal mixing to develop and: reside within this partially mixed environment.
The segregation of these two phytoplankton groups was not apparent from the chlorophyll
concentrations alone, and was only made evident through the high resolution phytoplankton sampling
through both time and space.

The close coupling between the phytoplankton community and physwal forcmgs were also
investigated in the usually well-mixed southern North Sea. During a 12 hour Lagrangian survey, the
stabilising effect of the Rhine region of freshwater influence (ROFI) was recognised and provided the
temporary stability necessary for apparent dinoflagellate (Prorocentrum micans and Gonyaulax sp)
migration.  Associated solely with this lower salinity plume was the diatom Rhizosolenia styliformis,
which was not detected during other times of the survey. . Very small changes in total algal biomass
were detected through the use of chlorophyll a determinations (chlorophyll @ < 2 mg m®). The
intermittency of the mixing forces proved to be an important physical characteristic which defines the
species and distribution of the phytoplankton community.
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Chapter One: Introduction

1. GENERAL INTRODUCTION

1.1 OCEANOGRAPHIC SCALE

The motion of water influences phytOplankton on many spatial and temporal sCalés in the sea.
At the largest oceanic spatial scales, phytdplaﬁkton production may be strongly associatéd
with regions of oceanic upwelling, ‘where the combination of nutrient rich water, irradiance
and the presence of orgamsms prov1de the fundamental factors necessary for net productlon
At the mesoscale blo-physwal couplmg occurs at the scales. of ocean eddles JCtS and fronts,
where nutrient’ 1nJectxons stimulate productlon in the upper layers. At the smallest scales,
however, relative to phytoplankton turbulence is the dominant mixing process. Turbulence
influences nutrient diffusion at a molecular level and may also have direct effects on
fundamental processes such as cell division (Berdalet 1992; Savidge 1981) and herbivorous

grézing (Kifarboe and Saiz 1995; Costello et al. 1990).

Over the past decade, there has been a growing appreciation of the interactions between
biology and fluid flow at the scales of individuals (Denman and Gargett 1995), where fluid
motion is turbulent, intermittent and the velocity field is 1isotropic. At these small scales
intermittency is a general feature of turbulent flows, feiated to the presence of strong coherent
vortices, with long lengths and diameters of the order of ten times the smallest (Kolmogorov)
scale (Estrada and Berdalet 1997). Phytoplankton cells are - typically s’mallér' than the
- Kolmogorov length (described in section 1.3),'creating a micro-environment which may have

a linear velocity gradient or shear varying randomly in time (Lazier and Mann 1989).

peeest - Men

Whale =~ Ocean
l: Zooplankion I i : o
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Figure 1.0. Schematic of the size scale from 1pm to 100 000km, showing the characteristic
size ranges and physical length scales. (Re-drawn from Mann and Lazier, 1996).




Chapter One: Introduction

Cortolis and gravitational forces give rise to other mesoscale features such as the Rossby
deformation scale or radius. This scale is the typical width of ocean currents such as the Gulf

Stream, the width of the coastal upwelling systems or the radius of ocean eddies.

Viscous losses occur only at very small scales of motion, where viscous drag forces convert
velocity fluctuations into heat (intermolecular motion). The intermediate scales are generally
assumed to be part of an energy cascade first hypothesised by Kolmogorov (1941), in which
energy is moved progressively from larger to smaller scales: there is no energy supply or loss
directly to'scales within this cascade range, merely a transfer of energy which ends at the
smallest scale of velocity variance. So the questions arise, what is the smallest scale and how

does it influence the phytoplankton?

1.2 DESCRIPTIVE TURBULENCE

S

Turbulence is not a property of the fluid, but of its state of motion. Turbulent flows are highly

individualistic, but share a number of characteristics (Tennekes and Lumley 1972) including:

o Jrregularity:
Turbulent motion is unpredictably variable in instantaneous speed and direction, and
is often characterised by values of averaged quantities.

o Diffusivity:
The diffusivity of turbulence is the single most important feature as far as applications
are concerned: it increases heat transfer rates in machinery, it is the source of the
resistance of flow in pipelines, and it increases momentum transfer between winds
and ocean currents.

o Three Dimensional Vorticity Fluctuations:
Turbulence is rotational and three dimensional. In a flow started from rest, no
vorticity develops anywhere until viscous diffusion has had an effect. The only
source of vorticity in such a flow occurs at solid boundaries due to the no-slip
condition.

» Dissipative :
Viscous shear stress causes deformations which increase the internal energy of the
fluid at the expense of kinetic energy of the turbulence. Turbulence needs a
continuous supply of energy to make up for these viscous losses, and if no energy is

supplied the turbulence decays rapidly.
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In flows which are originally laminar, turbulence arises from instabilities. Early experiments
conducted by Osborne Reynolds (1842-1912), who introduced a dye stream into a pipe of
flowing liquid, discovered that in some cases the resulting straight streak indicated laminar
flow, or the dispersal of the streak signalled turbulent flow. The transition was fairly sudden,
both in location along the pipe and as the parameters of the flow were altered. He found that
the fluid could be persuaded to shift from laminar to turbulent flow in several ways:

* by increasing speed;

¢ by increasing the diameter of the pipe;

* Dby increasing the density of the liquid; and,

s by decreasing the viscosity.

Reynolds developed a dimensionless parameter which describes turbulence arising from

instabilities. The Reynolds number is defined as:

_plU
v

Re

(D

where p is density; / is a length factor, U is velocity and v is viscosity. The Reynolds number
is a scaling parameter which makes order of a diverse set of physical phenomena. Turbulence

occurs at large Reynolds numbers, where Re>2000.

1.3 Bro-PuaysicaL COUPLING

Turbulence cannot maintain itself, but depends on the surrounding flow to obtain energy,
making steady-state turbulence non-existent in nature. A common source of energy is the
shear in the mean flow, which can be free-shear, due to velocity differences across fluid
" layers, or it can be boundary-generated shear (wall friction).. Turbulence exists at all scales,
from the largest eddies to the dissipative scales, where fluid molecular viscosity acts to erase
gradients of velocity more rapidly than they are produced. While turbulent kinetic energy
(TKE) is carried by the large scales, the shear field is concentrated at the dissipation range,
where the size of the smallest shear before dissipation is referred to as the Kolmogorov length

scale () which is defined as:

n =038 @

where v is the kinematic viscosity and € is the dissipation rate of TKE per unit mass.
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Kolmogorov (1941) sought a theory of turbulent eddies of a size intermediate between the
large scale (where energy is added) and small-scale (dissipation). This intermediate scale is
the inertial range. Kolmogorov suggested that within this range, eddies transmit their energy
from larger scales to smaller scales in such a way that the power spectral density Sy, (velocity
variance per unit wave number) depends only on the wave number. itself and the rate ¢ at
which energy is dissipated at fine scales by viscosity. The prediction is that the distribution of
velocity variance over length scale (wave number, 2 7 / Wavelength) in this turbulent field

should vary as -*/; power of the wave number (Figure 1.1).

S g~ 23 | 3)

Energy

Spectrum

L 4

k (wave number)

Figure 1.1. The Kolmogorov Spectrum and Inertial Sub-range.

While turbulent velocity spectra have a degree of common properties, this is much more
" controversial for the scalar properties of fluid. These may be passive in the sense that their
presence does not significantly affect the dynamics of the flow: others such as temperature
and salinity may be active scalars affecting flow dynamics through their effect on fluid

density.

For the ocean environment of plankton, temperature and salinity are important scalars. In a
turbulent field, scalar variance occurs at much higher wavenumbers (smaller scales) than

velocity variance - a fact that may hold further biological implications (Gargett 1997).
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If € = 10" cm® s7 (a reasonably large scale typical of the upper surface mixed layer under
moderate wind forcing), the shear mean is at higher wave numbers, i.e. scales smaller than 1
cm.

If € = 10* cm® s (typical of the lower mixed layer, or sporadically the stratified region at the
oceanic mixed layer base) the shear is at lower wavenumbers, i.e. the shear is contained in

scales greater than 1 cm.

The shear environment, therefore, at the scale of a biological particle will depend not only on
its size but on the strength of the turbulence in its environment. The gradients in scalar fields
such as temperature and nutrient concentration both extend to smaller scales than
Kolmogorov. The length scale of the smallest fluctuation in any property of diffusion is
referred to as the Batchelor scale. For example, if € varies from 10° to 10 cm? s the smallest
scale for temperature fluctuations is 2 to 13 mm and the smallest scale for salinity fluctuations
1s 0.2 to 1.0.mm (Mann and Lazier, 1996). The possibility vof interaction between gradients
produced by turbulence and biological organisms therefore, depends upon an overlap in their
spatial scales. Since the smallest gradient scales depend on €, and decrease when € increases,
the degree of overlap is a complex function of orgahism size and all the factors driving the

turbulence.:

Askdescribed above, turbulent energy is passed from large to small eddies and the viscosity of
the Water limits the size of the smallest eddies to a few millimetres (Mann and Lazier 1996,
Gargett 1997). Such turbulence is ineffective in transporting nutrients and wastes for
organisms less than 1lmm diameter (which make up more than half the total biomass of the
oceans, Sheldon 1972). Smaller organisms must therefore, rely on the flux due to’ molecular
diffusion. This process can b:e'very slow, requiring ~10s to produce an effect over a distance
of 100ium (Mann and Lazier 1996). This flux of some constituent through the water due to
" molecular diffusion is given by Fick’s first law of diffusion, where the coefficient of

molecular diffusion of large molecules (i.e. salt)is~1.5x10 *m’s™.

The surfaces of organisms have associated with them a boundary layer in which water
movement is reduced, thus reducing the rate of exchange between the external environment
and the cell. A boundary layer is also associated with the water above the sea floor where the
fundamental property to be considered is the ‘no-slip’ condition. Water molecules in contact

with the solid surface are in essence stationary.
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As distance increases away from the boundary layer, velocity increases to a free stream
velocity. This schematic diagram, shown as Figure 1.2, is simplified by suggesting constant
laminar flows, whereas in reality flows are turbulent and fluctuating. However, these
fluctuations from the mean flow decrease toward the boundary layer. This decrease in
magnitude is caused by stress (t) or drag exerted on the water by a solid boundary. The
transmission of this stress across the layer of water is accomplished, in turbulent flows, by
eddy diffusion. For sedentary organisms, rapidly flowing water will cause a thinning of the

boundary layer, and rapid swimming (or sinking) of phytoplankton is expected to have the

same effect.

The thickness of the boundary layer surrounding an object moving through water increases
with increasing distance from its leading edge. This concept led to the findings that:

a) the larger the organism‘, the thicker the boundary layer; and,

b) the boundary layer becomes thinner as the velocity of the water relative to the

organism increases.

Distance T
from
Boundary

(cm)

Logarithmic

------ ; S

Velocity (cm s™')

Figure 1.2. Vertical profile of the mean water velocity through the boundary layer above a
smooth surface. Note the linear sublayer where viscous stresses dominate and the logarithmic
layer where Reynolds stresses dominate.




Chapter One: Introduction

1.4 PHYTOPLANKTON CELL SIZE

It is frequently assumed that nutrient uptake rate by phytoplankton cells depends on the cell
surface area, and that nutrient uptake is most efficient in small cells due to their hrgher
specrﬁc surface area. However this is only true in hrghly eutrophlc envrronments In
olrgotrophrc envrronments uptake is lrmrted to the rate at which molecules can diffuse to the
cell, and this has already been shown to be a slow process (Sectron 1. 3) One way to
overcome thls hmltatron 1s to generate movement m the water to replemsh the depleted
microzone, but the size range in which beneﬁts exist is debatable Munk and erey (1952)
suggested that beneﬁts only occurred for organlsms >20um smaller than this srze and the
effect of turbulence was neglrgrble La21er and Mann (1989) demonstrated that turbulent
motlon across small distances is 81mp1y a linear shear, due to the damplng effect of vrscosrty,
and calculated that even the most energetic turbulence had no effect on the microzones of
organisms < lOOum Kigrboe (1993) on the other hand suggested IOum in dlameter below
which the advect1ve contrlbutron of sinking or swrmmlng w111 have no effect on the rate of
molecular dlffusmn whereas for cells ~100um relatrve motion w1ll have a s1gn1ﬁcant increase
on the d1ffus1ve flux, wh1ch can be explalned by Stoke’s law (sectron 1 5) Berg and Purcell
(1977) calculated that swrmmmg through the water at any reasonable rate had a neghgrble
effect on the drffusrve flux of organlsms < Sum in drameter but for larger orgamsms the rate
mcreases rap1dly. Reviewing the literature suggests that 5-100pum is the size range where
movement (whether sinking, swimming or turbulence) will be an advantage to an organism,
with the lowest limits remaining controversial. This controversy stems from the inherent

difficulties of monitoring turbulence at the size scales of phytoplankton.

1.5 SINKING OF PHYTOPLANKTON CELLS

Most phytoplankton cells are denser than water. The‘dens‘ity of sea water varies between
| lk021 to l‘028 g cm?®, but the density of cytoplasm ranges from 1030-’to 1.100 g cm?
(Kamykowsk1 1995). Diatoms have a hydrated silicon ledee cell wall with a density of ~
2.6 g cm™ and coccolithophorids have plates of calcite, aragonlte or valerlte with densities
between 2.60 t0 2.95 g cm Therefore many non—sw1mm1ng phytoplankton wrll sink except
when an upward movement of water causes re- suspensxon The rate at which cells fall can be
estimated using Stokes’ equation when the Reynolds number 1s <1.0 and if the cells are

approxrmately spherical. Stokes defined that a fluid slows a falhng sphere by exertrng a
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resisting force. This force must be equal to the weight of the sphere less the upward push due

to buoyancy.

Fora given excess density and viscosity, a sphere will increase its sinking speed in proportion
~ to the square of its radius. Few phytoplankton are spherical, but for Re <0.5 Stokes’ law may
still be applied to non-spherical bodies without significant error. Another factor influencing
the sinking rate of cells is ‘their life history. Smayda (1970) showed through laboratory
culture experiments that senescent cells sink faster than actively growing cells. It-has also
been shown that preserved cells sink faster than living-cells and that natural blooms of
phytoplankton tend to sink in the water column as they approach senescence. Several other
potential mechanisms may work together to cause increased sedimentation rates, particularly
through the coagulation of cells into aggregates (Kierboe et al. 1996; Alldredge and
Gotschalk 1989; Jackson 1990), attachment to.marine snow (Kiarboe 1993) buoyancy control
(Villareal 1988) or spore formation. Turbulence has been linked to-increasing the rate of
aggregation in certain populations of phytoplankton depending and varying on the species
present ‘and -their-inherent -*stickiness” (Kiarboe 1993). .. The subsequent-increase ‘in ‘the
settling velocity of marine aggregates, observed during exceptional phytoplankton-blooms. has
been suggested as-a potential accelerating factor in the rapid decline of populations at the

termination of the bloom.

1.6 PHYTOPLANKTON MOTILITY

For small organisms that perform movements relatively slowly, the Reynolds number is low
and viscous forces predominate. For‘example a picoplankton cell-of ca. 1pm diameter
moving at 30um s’!, will generate inertial forces that are so small that movement will stop in
0.6 x 10 s, travelling only 10 *um once swimming has ceased. Dinoflagellates, in contrast
“ have typical size ranges between 10 - 2000pm (Kamykowski 1995), andhaye been cited as
the fastest phytoflagellate swimmers. Their swimming behaviour has been investigated
intensely for many years particularly in terms of natural vertical migrations (Hasle 1950).
Dinoflagellates have a distinctive dinokont or desmokont flagellar morphology. ‘In dinokonts,
the two flagellae (longitudinal and transverse) generally have a lateral insertion and occur in
grooves (Taylor 1987b). The longitudinal flagellum is often rounded, but can be ribbon-like
and can extend posteriorly behind the cell for over 200um. - The transverse flagellum is
ribbon-like with many inherent bends (3-4 waves per 10pum) and typically extends around the

cell. Although desmokont flagellae can be morphologically similar to those of the dinokonts,

8
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they are inserted anteriorly and do not occur in grooves. In Prorocentrales for example, one
free flagellum extends away from the cell, while the other flagellum is coiled and is attached
to the cell body for most of its length. In' Prorocentrum micans, for example, the free
flagellum beats with an unusual tip-to-base motion that pulls the cell through the water. The
coiled flagellum exhibits a rotational motion that provides a whip-like result at the unattached

tip.

The combined propulsive effect of the two dinoflagellate flagellae results in a characteristic
swimming speed and direction. Average swimming speeds of individual cells determined
through laboratory observations or in situ prulation diel vertical migrations, estimate ranges
between 0.2-2.0 m h', but some speeds of greater than ‘5.0- m h' have been reported
(Lombardi and Capon 1971). Swimming speed dependence on salinity and temperature have
been well documented (Hand et al. 1965). Kamykowski and McCollum (1986) surveyed the
swimming -speeds-of 14> dinoflagellate” clones representing ‘11 species.” ‘Mean maximum
swimming speeds ranged from 0.4-2.0 m hr'within a temperature optima that ranged from 9:1
to :33.5°C but" generally exceeded 25°C.  This range ‘suggests a-varying: metabolic ‘effect in
different species because changes in the characteristics ‘of the external ‘medium, suchas
viscosity, influence all species in a similar way. For example, Gyrodinium dorsam swam at
an average speed of 1.5 m h' at 20°C compared to 2.0.m h at its optimumtemperature of
29°C.

Diel vertical migration (DVM) of autotrophic dinoflagellates is classically modelled as ascent
during daylight hours and descent during the dark (Kamykowski 1987). However in some
cases (Eppley et al. 1978; Kamykowski 1981b) this pattern deviaies from that expected from
phototaxis alone. These observations range frb’m dusk ascents (Hasle 195’0‘; Ferard 1976)to
a field population of Gymnodinium sanguineum that ascen_ded between 23:00 and 04:00 hr
" (Kiefer and Lasker 1975). Circadian rhythm has been suggested as a plausible explanation for
such ‘deviations from the main dayiight phase. Passive orientation has also been suggested,
defined as the orientation of a swimming cell in a velocity gradient resulting from
compensating torques due to gravity and shear (Pedley and Kessler 1992). For example, a
posteriorly weighted cell (i.e. unbalanced mass distribution of cell organelles) with anterior
flagella pulling the cell, contributes to negaﬁVe ‘geotaxis. -Swimming Veyl‘oci‘cy determines an
organism’s vertical ‘progress in a stationéry water column, however vertical water motions
combine with the biological vector to determine their actual trajectory in natural water

columns. Dinoflagellate swimming speeds at irradiance values above 200 pE m™ s has been

9
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shown to exceed those in the dark by 20% (Kamykowski 1995). The ascents aided by
phototaxis during the day may compensate for descents aided by cell sinking in the dark.
Natural dinoflagellate populations often aggregate in discrete layers in the water column
(Levandowsky and Kaneta 1987), which requires that the individual cells direct their

swimming ability to maintain a chosen position.

1.7 BIOLOGICAL EFFECTS OF TURBULENCE

1.7.1 GENERAL THEORIES: INDIRECT EFFECTS

At the size-scale of the individual organism, fluid motion is due to turbulence and the velocity
field has become isotropic, making irrelevant any distinction between horizontal and vertical
components (Denman and Gargett 1995). Since an organism’s swimming speed. increases
with size, larger organisms (mature fish for example) ina‘y be considered free agents in the
sense that swimming speeds exceed t}\'pical fluid velocities. . However, as size decreases
ofganisms ‘become increasingly’ susceptiblé to ambient fluid velocities. ‘Cons‘iderin‘g the
importance of external energy, Margalef (1978) plfoposed a systematic functional morphology
for phytoplankton on the basis of two environmental factors: nutrient supply and intensity of
turbulence. ~ This conceptual model is expressed schematically in Figure .35 Major
taxonomic groups of phytoplankton occupy different niches within ‘the ‘model. “Diatoms,
usually non-motile and with fast potential growth rates thrive in relatively mrbﬁlent‘,' nutrient-
rich waters. Under these conditions, lack of motility is compensated by re-suspension of cells
due to vertical mixing. Dinoflagellates, in contrast can regulate their position actively. This
allows for survival in stratified waters, where motility and migration"béha\?idur can override
sedimentation. In terms of Margalef’s conceptual model, a typical phytoplankton succession
would follow a trend from the high turbulence-high nutrient comer to the opposite low
turbulence-low nutrient corner. Red tides and exceptional blooms tend to occur in the

anomalous situation of high nutrients and low turbulence.

Nutrient supply to the surface layer is dependent on the larger scale mesoscale mixing
processes such as eddies and upwelling as well as the turbulent diffusive processes across the
pycnocline. Net primary production in the surface layer is essentially a balance between the
rate of nutrient supply, the timescale of cell division, the timescale of mixing processes and

the availability of the sufficient'irradiance. -
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-+ Red Tide -
Dinoflagellates D/[A/T’OMS
| Chaetogeros
NUTRIENT aetogeros spp
‘ Rhizo;oleﬁia spp
. -~ - -
~
COCCOLIPHOPHORIDS
- 7 3
P ~
P
Ceratiuntspp .
-7 Succession
- -~
- -~
DINOFLAGELLATES
TURBULENCE >

Figure 1.3. A schematic representation of the main phytoplankton life forms in an ecological
space defined by nutrient concentration and turbulence (Margalef 1978).

The vertical structure of the water column involves a delicate balance between destabilising
forces (for example, wind stress, heat loss and shear) andfstabilistng effects (buoyancy). The
typical vertical profile of the upper ocean, with a surface mixed layer overlying a sharp
pycnocline, is associated with large variations in the intensity d,f turbulent e‘nergy’di‘ssipation
and - hasimportant’ effects 1n controlling nutrient supply and vertical phytoplankton
distribution. The entrainment of phytoplankton by water motion exposes the organisms to
contmuously Varymg irradiance. In temperate regions, these fundamental features of the
upper ocean, including increased TKE, the depth of the mixed layer and var,lable 1rrad1ance
have served to represent the g"oveming‘ fact‘ors‘ of vthe sprmg tjhytoplaﬁkton (diatoinous)
bloom. Gran and Braarud (1935) suggested that stabilisation of the water column by thermal
stratification could have the effect of greatly stimulating pr‘imarydp’r‘oduction. ‘Thesekearlky
ideas were further developed by Riley (1942), Sverdrup (1953) and Platt e‘t"al.k‘(19‘91k)l, who
concluded that “Incipient stabilisatio‘n of the water column by surface" h'e‘atinkg‘ can then be
seen as the fundamental process that promotes the rapzd growth of phytoplankton that leads to

the madence ofa bloom.”

Throughout the temperate winter months 'phytopla'nktokn are circulated to the full depth of the
mixed layer and the average 1rrad1ance received is not adequate to sustain net productlon As
the mixed layer reduces through sprlng, average irradiance received by the phytoplankton

increases as the organisms are retamed w1thm the phOth zone, and positive net pnmary
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production can be sustained. These early ideas, were further developed and quantified by

Sverdrup (1953). Figure 1.4 schematically describes the mechanisms at work to enable net

primary production at temperate latitudes. -

PRODUCTION AND RESPIRATION

a e b
DEPTH - .
\ Phytoplankton Production
Compensation Depth
Phytoplankton Respiration
d c' ¢ Limit of the Mixed Layer

Figure 1.4. Schematic diagram describing the theoretical distribution of phytoplankton
production and respiration. (After Sverdrup. 1953).

A phytoplankton cell circulating randomly throughout the mixed layer will haVe a
continuously varying photosynthetrc rate dependmg on 1ts Vertrcal pos1t10n in terms of the
amount of photosynthetic avarlable radiation (PAR) Net productron will occur in the photlc
zone, whilst below the compensatron depth (Iower limit of the photlc zone) respiration will
dominate. The condition, however, for net positive populatlon growth is that the integrated
production (represented by the area abcd) be greater ‘than the mtegrated resprratlon
'(represented by the area aefd). As the depth of the mlxed layer mcreases resprratron
increases proportronally but production increases are neghglble There i is, therefore a crltlcal
depth of the mixed layer at which integrated productron equals mtegrated resplratlon As the
mixed depth reduces net phytoplankton productlon occurs. However, exceptrons do occur, for
example Townsend (1992) observed in the offshore waters of the Gulf of Maine, that a spring
bloom occurred in the absence of thermal stratlﬁcatlon It was further 1mphed that the early
bloom of diatoms was a contributing factor to the development of the thermoclme by virtue of
light scattermg and absorptlon propemes of the phytoplankton Erlertson (1993) conﬁrmed

Townsend’s (1992) observations, through surveys in a Norweglan fjord. Fresh water run- off
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from melt water increased in early May and peaked in June, although no thermal stratification
occurred. The'Spring bloom began in mid March and: culminated at the end of April,
following the annual increase in irradiance, but in the absence of stratification. The dominant
phytoplankton in this case were Phaeocystis pouchettii, 'Chaetocerés socialis and
Thalassiosira nordenskioeldii. In this fjord the spring bloom occurred whilst the mixed depth
(90m) was below the critical depth (55m). The presence of gelatinous colonies and chain-
forming species may have contributed to the phytoplankton’s ability to maintain a high

vertical pesition in.a water column lacking physical stability,(Towhscnd 1992). ...

1.7.2 GENERAL THEORIES: DIRECT EFFECTS
Whilst dingﬂaggllatc species r’em;ain‘ motile, p‘ho‘totactic‘ and "‘e‘xhibi‘t negative geotaxis
(Kamykowski 1995_),::tyheir ability to return to the phkotic‘v zone is dcpendent' on the timing and
intensity of the turbulence. _This mr‘bulen‘cé; ggﬁ ,élSo have direct détgimcntal :clffccts "‘on
dinoflagellate morphology (Berdalet 1992), cell diﬂ{ision (Berdalet 1992;: Thomas and Gibson
1990a and 1990b) and cell growth rate (Gibson and Thomas, 1995) ,‘D‘ia‘t{)ms ';eqund
positively to turbulence, as supported by field and laboratory 0bsewation$.~ Diatoms ;léc’k the
ability to swim, but,have_‘fa,st potential growth rates and thrch n r,ela’t:i\‘zg:ly;ktl‘l‘rbulqnt, nutrient-
rich waters (Estrada and Berdalet 1997), but lack the behavioural ‘resp’o;n‘ses,nege‘sisary to avoid
removal beyond a critical depth when turbulence is 'in‘t‘ense,.yi' Exqeptior'x‘sy;’ to,this ’have been
shown by Villareal (1988), where individual chains of ’ Vth‘e‘ *oqeanig d:iat’okm‘ Rhizosolenia
debyana were seen to exhibit positive buoyancy in the surface watérspﬁj Mlaml, the Bahamas
and the Sargasso Sea. The average ascension rates were measured as.112m d*, thus’ providing
an effective solution to the problem of suspension for oceanic diatoms. This positive

buoyancy characteristic is thought to be due to the modification of the internal cell density.

The indirect and direct effects of turbulence are inseparable in the field. As-a result, well
defined laboratory experiments have targeted turbulence as a ‘controllable’ variable
influencing phytoplankton at the scale of the individual. Table 1.0 summarises laboratory
studies which used turbulence and focused on the direct effect upon phytoplankton. Many
other laboratory turbulence studies have been performed, but these have tended to focus on
zooplankton, in relation to predator-prey contact rates ( Saiz and Kigrboe 1995 ) and
metabolic rates (Alcaraz et al. 1988) rather than on the phytoplanktony community. Very few
studies have determined a quantified turbulent measurement comparable to field values - an

area initially targeted by the research presented in this thesis. In recent years, video
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techniques (Marassé et al. 1990) have been incorporated to produce a quantitative analysis,
based on the work of Dickey and Mellor (1980), which allowed a measurement to be made of

the turbulent dissipation rate (€), comparable to real values.

Most of these laboratory studies‘ involving phytoplankton have eoncentrated on
dinoﬂagellates,' which are known to bloom in ealmer'wa‘fer conditions.  Direct turbulen‘r
effects have been demonstrated, SuCl'l as the very low growth rate of Gonyaul‘axkdexcavata
(White 1976) with increasing agitation, and, for Peridinium cinctum, growth\'inhibition
depending on the timing of turbulence (Pollmger and Zemel 1981). When turbulence was
applied in the dark perlod ie. durrng cell d1v1sron a strong 1nh1b1tory effect occurrecl This
was also the case for Gymnodzmum nelsonzz where Berdalet (1992), and Berdalet and Estrada
(1993) suggested phys1ologrcal damage at the organelle level causing a blockage in the
process of chromosome division after the duplication of DNA. Cell volumes increased and
cellular concentrations of RNA and DNA increased upto ten times those of controls (i.e. non-
turbulent). Similar resolts were reported for Alexandrium minutum, Prorokc'entr‘um mfcanS and
Prorocentrum triestinum, but it was found that a small Gymnodmzum sp (lOpm dlameter) was
not “affected by shaking at lOOrpm (Estrada and Berdalet l998) This suggested that
deleterious effects appear to be stronger for larger orgamsms and for smaller culture vessels
(Estrada and Berdalet, 1998), a finding that ties in with the early theories of Munk and Riley
(1952) which suggested no turbulent effects on organisms <20pum (Sectionf 1:6). ‘The overall
effect of rorbulence on dinoflagellates appears to be generally negative, with the deleterious
effects of water motion including disturbances of cell division, morphological changes, cell

disruption and interference with organism behaviour.

14



Chapter One: Introduction

YEAR AND

PHYTOPLANKTON |-

(1995)

METHOD CONCLUSION
AUTHOR SPECIES e ‘
S : S - Shaking at 90 - Increased growth up to 90
Fogg and Than-Tun | Anabaena cylindrica oscillations per _osc. min’!, decreased
(1960) “minute and higher | when shaking increased
i ~Continuous rotary Degree of growth
White Gonyaulax excavata shakers (>125rpm) inhibition dependent on
(1976) ©125ml the rate of agitation.
: Continuous - ~Cont.-cell death
Pollinger and Zemel | Peridinium cinctum ‘intermittent and Inter.-inhibits division rate
- (1981) : zero shaking on a : ‘
. rotary shaker ,
: Vertical plungerin Enhanced nutrient uptake
Oviatt Phytoplankton spp. tank + contact Tates
(1981) (+ Zooplankton) ' o
~ -...Phaeodactylum.- 25litre cultures Increased lag when
Savidge - tricornutum Oscillating grid nutrient (P) limited.
(1981): ... ; i s Aeration had a shearing
Brachiomonas - effect '
. Submarina: : ‘
30dm> microcosms. Phytoplankton biomass
Estrada et al. (1987) | Seawater taken from | oscillating net grids | = increased when copepods
Alcaraz et al. (1988) | Masnou, 20km N of - and elliptical and turbulence interact.
: : Spain ‘plungers' : ‘
: : i Couette devices. - Turbulence inhibits
Thomas and Gibson | Gonyaulax polyedra dinoflagellate growth
- (1990) e . s : s
Oscillating grid Quantified coagulation
Kigrboe et al: .. Phytoplankton spp. s s : o
(1990) -
5mm oscillating Inhibition of growth
Berdalet Gymnodinium - grid : :
(1992) nelsonii £ ~ , , :
) ; ‘ 3m3 volume tanks, .| - N-fixation not prevented
Howarth et al. N-fixing reciprocating grid by turbulence
(1993) . cyanobacteria- | . i .
Rotary shaking ~Cell volume increase
Berdalet and Estrada Various ' ‘ & (RNA and DNA increases)’
(1993) dinoflagellates e.g. =
' P. micans = | '
, : n ~Couette devices | Photosynthetic activity less
Thomas et al. Gonyaulax polyedra

sensitive to turbulence

Table 1. Summary of studies investigating the direct effect of turbulence on phytoplankton.
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One important and controversial feature of these ‘laboratory studies is that the methods for
creating and measuring ‘turbulence’ ‘are many and varied ranging from rotary shaking, and
Couette devices to grid stirred turbulence (which is the most documented form of laboratory
turbulence). In most cases it has proven very difficult to reconstruct ‘typical’ natural levels of
turbulence in small enclosed chambers. Table 2 shows a comparison of fypicalf € values for

natural'and éxperimental turbulence: -

- : 8 (Cm 2 S-3)‘
NATURAL SYSTEMS
; Lakes (Reynolds 1994) 0.014x 10?-4x 107
~ Open Ocean (Kierboe and Saiz 1995) ‘ 10¢-107?
Shelf (Kigrboe and Saiz 1995) ' 107 - 107
Coastal Zone (Kigrboe and Saiz 1995) 107-10°
Tidal Front (Kigrboe and Saiz 1995) 10"
Tidal Estuary: Severn (Reynolds 1994) 22-8x107
EXPERIMENTAL SYSTEMS -
Animal Cell Cultures (Lakhotia and‘Papoutsai(is 1992) S 0,610
Couette Cylinders(Thomas and Gibson 1995) L i
e Range 0.045 -'164
e Effect Threshold ; ; R 2 0:18 -
Paddle Stirrer (Dempsey 1982) ‘ 0.096 - 0.14

Table 2. Turbulence dissipation rates (€) from various environments. (Redrawn from Estrada
and Berdalet 1997) ‘

This summary of ¢ for natural and eXp‘erimental systems suggests thét dis‘s‘ipationrratés' used in
laboratory studies have been much higher than levels that occur within the natural
environment. Thomés and Gibson (1990b) have Suggested that negative effects of turbuléncé
’are observed on phytoplahkton growth rates wheﬁ: SJ> 0.1 cm? s?, :This éofrre'sponds‘tko levels
above those found typically in marine waters, although higher € Values have been recorded in
estuaries or at tidal fronts. Gibson and Thomas (1995) further proposed'that the action of
intermittent wave breaking could be sufficient to cause cellular effects on dinoﬂégéllates.
These observations lead to the hypdfhesis that direct effects of turbulence on phytoplankton
cells could be important, for eXamplé, in shallow estuarine areas (Estrada and Berdalet, 1997).
In addition to disturbances at a cellular level, several studie§ have suggested the possibility of

more subtle effects on dinoflagellate swimming, migration and other behavioural
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characteristics (White 1976). - Estrada et al. (1987a) found that in 30 litre microcosms a
diverse dinoflagellate community thrived in cylindrical containers agitated by oscillating grids
at 20rpm; while all dinoflagellates crashed in {/ess_els with stagnant water or at higher
turbulence levels. In a following study (Estrada et‘al;,’ 1987b), dinoflagellates did not grow in
containers that were illuminated only in the lbwer'region. It was suggested that this unusual
irradiance régime interfered with the migration behaviour of the dinoflagellates.
Another interesting - direct -effect ‘of ‘turbulence on‘phytoplankton Jis: that it-stimulates
bioluminescence in many dinoflagellates.  Anderson et al. (1988) measured the luminescent
response of Gonyaulax sp. using a ’flamina_r flow ih a 'éapillary tube and found that
bioluminescence-occurred at the transition fromlafninar to turbulent flow. In ‘rryian'y cases of
bioluminescence reported through turbulent stimulation (Rohr et al. 1990) the value of €

involved was much higher than typical oceanic values.

1.8 TURBULENT MIXING IN ESTUARIES

Estuaries can be described as bays, parts of a bay or a narrow inlet in Which fr’éshWater‘ﬂow
from the land has reduced the :Salinity of the ocean water (Boynton et ol 1982).‘ The flow of
freshwater causes a characteristic circulation pattern within the esfuary, in which the less
dense fresh water flows out of the estuary in the surface layer anc%‘ a deeper bottom current
intrudes from the sea generating a residual estuarine circulation. In SSriating enviionments,:
tides are usuall'y recognised as the pﬁncipal source of mechanical energy for vertical mixing.
Estuaries regularly oscillate between conditions of \}ertical“homogcneity‘and stratification in
conjunction with the monthly spring-neap cycle (Haas 1 977); The increased turbulent mixing
associated with increased tidal currents and prism during spring tid‘eks‘caus,es a shift from a
stratified to a well-mixed water column. Conversely, decreased turbulent mixing during neap
“tides 'permitsv stratification, often due to the influx of higher salinity bottom water (Haas
1977). Superimposed on this fortnightly cycle, is the daily tidal cycle which may be unique to
one particular area, e.g. Southampton Water exhibits a semi-diurnal, asymmetric cycle of
rapid ebb currents which can be double the velocity of ‘the'\‘ﬂood'(Webber 1980). This tidal
influence can often be of such intensity as to overcome the stabilising pfopertiés of a neap

tide, for example, and cause temporary vertical homogeneity.

Early measurements of vertical mixing in estuaries ( Bowden and Fairbaim 1956; Gardner

and Smith 1978 ) focused on determining the energetic scales of motion, and it is only
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in recent years that the smallest viscous: scales of turbulent microstructure have been
investigated (historical review by Gregg 1991). Peters (1997) analysed the variability-patterns
and magnitude of turbulent mixing in the Hudson River using the Shallow Water
Microprofiler (SWAMP) and a 600kHz acoustic Doppler current profiler (ADCP).  The
-asymmetry in vertical current structure between the flood and ‘ebb isan important feature of
this system, which has been related to the longitudinal straining of the estuarine'-density field
by-the :superposition of tidal and residual flow (Simpson et al. 1990). The reduced shear
during the slack after the - flood, compared to the larger shear during the transition from the

ebb to the flood, is a major feature of ebb-flood asymmetry.

Estuarine environments have a source of buoyancy derived from fresh water riverine inflow
coupled with the mechanical energy from the tides.: The rivér discharge into estuaries varies
seasonally and this is reflected in the fluxes within the estuary and in the salinity distribution.
At low river-discharge the amount: of river Water accumuiated‘ in the estuary is relatively
small, but the salinity intrudes well into the est'uaryh As rivei‘ discharge increases, the saline
water is pushed seawards, the stratification is increased and tixé Tiver Lﬂows out in a surface
layer more efficiently, with less mixing (Dyer, 1997). Internal mixing within estuaries-is
caused by the turbulence produced by the velocity shear resulting from both bottom friction

and by internal current shear.

In a partially-mixed estuary, the specific tidal intermittency and the rapid timescales involved
allow stratification and vertical mixing to occur over a short timescaale 1.e. a few hours. The
important feature of natural turbulence, particularly when considering biological entities, is its
intermittency, where irregularity occurs over a range of timescales, caused by surface
breaking waves, wind events, internal wave instabilities or tidally-induced motions. -Changes
in phytoplankton populations in estuarine systems can result from seasonal and inter-annual
“ variations in river flow (Demers et al. 1986), but more pronounced variatidns result: from
fluctuations in tidal-stirring. Cloern (1991), working in South San Francisco Bay, showed
that phytoplankton populations are strongly influenced by daily fluctuations in. vertical
mixing, with blooms occurring during periods of low mixing. - Predictions of biological
responses to physical variability in these environments are inherently difficult due. to the
recurrent. seasonal - patterns of* mixing, complicated by . aperiodic fluctuations in river

discharge, and the high frequency components of tidal variability (Simpson etal. 1991). .
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Other distinctions between the physical régimes of the open and coastal oceans, directly
influence the observed differences in phytoplankton dynamics. ‘Shallow coastal waters have
high concentrations of suspended particulate matter (SPM) that originate from wind-wave or
tidal re-suspension of bed s’edimen,t_sfiaswéll‘ ‘a’s'r:iverine‘vinputs of tenigendus ‘particulates
(Koseff et al.71993). Co‘astkalrsystems" are characterised by a largé spatial vériability in
turbidity and a temporal variability from hours to seasons (Cloem et dl, 1989). - Light
attenuation by SPM" acts as a major control on :phytOplanktOﬁ ‘bhbtosynthesis in-shallow
marine‘~systems, to the extent that primary production is aéso‘ciatedwith' variability:in. SPM
concentration (Cloern 1987). On the ~semi‘—diurnalkscalke; S‘PM concentrations are closely
related to current velocities. For example in ‘the’:néar bottom waters of the Forth estuary,
Scotland; the current veloéiﬁeé required Vt0~make~re~‘suspen‘sion and deposition’ evident are 0.6
and 0.3 m s respectively (Lindsay et al.1996). Within the semi-diumnal cycle, thése velocities
are exceeded for longer periods when the tidal range is lar,ge,:thlyls:spring tidal cycles are thc

dominant influence in controlling the transport of SPM within the estuary.

The  spring-neap tidal ‘cycle has been identified as an -important ,factor for ,inﬂuekncing
phytoplankton growth in estuaries and shallow coastal seas. For example, variations in algal
biomass have been correlated to this cycle at two stations on the coast of Connemara, Ireland
(Roden, 1994), with a chlorophyll a maxima occurring on the ‘neapatidés’ (see chapter three for

further details).

1.9 COASTAL PHYTOPLANKTON DYNAMICS

Irradiance can be a primary limiting factor for phytoplankton growth in éstuarine ‘systems.’
Riley (1967) estimated that a threshold surface mixed layer photon flux density of 196 W m?
was necessary to allow a positive net growth of phytoplankton, attained when the mixed layer
" primary production sufficiently exceeds respiration. The onset of the spring bloom, for
example, has been observed to be triggered by thermal and/or salinity stratification in a
number of estuaries (Hitchcock and Smayda 1977; Radach and Moll 1990), however the
concentration of suspended sediment can be high and reduce the levels of PAR. In the Bristol
Channel, for example, the rate of primary prqduCtion in the inner turbid areas (where the
photic depth was reduced to 0.5 m) was 7 gC m? yr’, compared to 165 gC m? yr' in the
clearer zones Where 'phbtic depth was 10m (Joint ‘and Pomroy 1981). In highly turbid
estuaries, primary production‘ tends to peak in the summer during times of reduced rainfall

and maximum irradiance (Randall and Day 1987; Cole and Cloern 1984).
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The mixing of varying volumes of seawater and freshwater determine the estuarine salinity.
Phytoplankton may be subjected, over timescales of hours, to large variations in salinity due
to movements along the longitudinal axis with tidal currents or may vertically migrate across
large salinity gradients. 'Estuafine phytoplankton are the most eﬁryhaline of species (Brand

1984), surviving large fluctuations in salinity without osmotic shock. -

Estuaries are systems with high nutrient loading from rivers and often anthropogenic sources.
Excessive nutrient concentration can give rise to evutrophication, although in estuaries where
river flow is high (leading to a decreased; residenée time), ylarge nutrient accumulations are
prevented (for example, the Thames and Dcléware estuariés). ,Thisconcepf ‘of iestuarine
residence time is not only important for nutrient dynamics, Buthas also been shown to be vital
for - the accumulation . of phytoplénkton (Ketchum = 1954) and  general - contaminants.
Investigations in the lower Hudson estuary showed that phytoplankton were washed out of the
estuary by surface layer flow during:the,autuinn, winter and spring when 'g;owth rates were
low relative to surface dilution rates; and tended to accumulate during: the summer when
growth rates exceeded: dilution rates:(Malone :1977). - This suggests: that estuaries with very
high flushing rates (i.e. less than one day) can not retain -the phytqplankton population.
Garcon and Anderson (1986) observed the tidal flushing of Perch Pond, a Cape Cod
embayment subject to recurrent dinoflagellate blooms of Gonyaulax tamarensis. ’This; estuary
exhibits a density-driven circulation f\pattern, which ensures a relatively high tidal-flushing
efficiency, becoming even stronger when vertical mixing is minimised (i.‘e.iy,low wind: stress)
and when the gravitational residual circulation is established (Barlow 1956). The effective
tidal flushing rate of 0.36 d' in Perch Pond, is approximately'equivalente'to the: maximum
specific growth rate of G. ramarensis (Watras et al. 1982). - Theoretically, motile cells
liberated from germinated cysts would be advected from the pond as fast as they could divide,
resulting in no net population accumulation under the best growth conditions. However,
“substantial blooms do occur, suggesting that these cells must actively regulate their

distribution and so reduce advective losses.

A decade of investigations in the South San Francisco Bay has demonstrated that estuarine
phytoplankton biomass fluctuates in the time scale of days to weeks, and that much of this
variability is associated with fluctuations in the tidal forcings (Cloern 1991). The occurrence
of blooms only during the spring was presumed to be a consequence of the enhanced water
column stability that occurs following freshwater inflow during the wet season. Although the

duration and magnitude of the spring bloom varied from year to year, it was a persistent
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feature that occurred every year from 1980-1990 (period of investigation). However, this
feature was not sustained for the shorter timescales associated with the daily ‘evolution of
individual bloom events.  Other observations from this and other (Haas er al. 1981, Roden
1984) estuaries have shown:that rapid pop,ulation growth often occurs during periods of low
tidal- energy (neap tides). For South San Francisco Bay, phytoplankton blooms always
occurred during sustained weak tides where tidal energy ‘was low, ~with-bloom declines

following periods of strong currents.

The spring bléom in the Straits of Georgia, which 1ie$ between the Vancouver Island and the
lower mainland of British Columbia was investigated in Apri/1 1991 (Yin et al. 1996). They
observed that the Fraser river i,npﬁts during March had been sufficient to céuntcract wind and
tidal mixing. The stability of the water column allowed phytoplankton to bloom, with algal
biomass and production higher at the more stratified sites. An .average wind speed of
approximately 5 m s over 7 days destroyed the stratification and chlorophyll a concentrations
reduced by half.  The magnitude of the early spring:bloom was never again achieved, and it
 was postulated ‘that this wind event had altered the phasing between phytoplankton and
zooplankton in the Strait. o

A common feature connecting research on phytoplankton blooming in highly fdynamic
estuaries appears to be the necessity for initial Water'column stability in the form of
stratification (salinity and/or thermal). The intensity of these blooms thereafter, depends on a
wide array of variables controlling the bloom dynamics, such as the availability of light,
nutrients and the prevailing flushing rate. The investigations presented in this thesis targeted
tidal turbulence which acts to control the proliferation of phytoplankton populations in

estuarine and coastal temperate waters.
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1.10 RESEARCH OBJECTIVES

The main objective of this research was to investigate the physical mixing processes that
combine to control the growth, distribution and succession of the phytoplankton community in
coastal temperate waters. The following hypotheses were tested using results from a number
of intensive field surveys undertaken in a partially-mixed, macrotidal estuary (Southampton

Water) and in the shallow coastal southern North Sea.
1. Intermittency of turbulence is fundamental for the proliferation of phytoplankton.

2. Extended water column stability is not a prerequisite to an abundant phytoplankton

community in a partially mixed estuary.

3. Certain motile phytoplnkton species-can respond to short lived,. intermittent stabilising
events and apparent behavioural mig:ations,by;motilé species are ultimately constrained by

vertical mixing.

4. Boundary shear generated by tidal fdrcings within an estuary causes re-suspension of both
the bottom sediments and the phytobenthic community, permitting the organisms to be

intermittent members of the pelagic microalgal community.
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2. METHODOLOGY

2.1 GENERAL SAMPLING STRATEGY FOR SOUTHAMP’I‘ON WATER

The Southampton University Department of Oceanography research vessel (Bill Conway) was

used for all studies in Southampton- Water estuary, during the spring-summer months from
1995-1997. '

Conductrvrty, temperature and depth (CTD) proﬁles were. recorded usrng a Falmouth
Scientific CTD ‘with attached Aquatracka B ﬂuorometer and Seatech 250m pathlength
transmissometer. A Niskin water bottle (6 x 1.6 litre, bottle lengthv ~50cm) rosette fixed to the
CTD frame provided simultaneous discrete water samples, with instruments ‘k‘a‘nd' water
samples at the same vertical posrtron but separated by 0.5m horrzontally A downward facing
ADCP (Acoustic Doppler Current Proﬁler) was deployed on the port-side of the ‘vessel
recording data at 1-5 minute intervals with 0.5-1.0 m depth resolution. On the days when the
ADCP was unavailable, an NBA current proﬁler was deployed to measure veloc1ty magnitude

and drrectlon For surveys durmg summer 1996 and l997 a proﬁlmg L1~COR submersible

cosine sensor was deployed measurmg downwellrng 1rradrance over the photosynthetrcally
active radiation (PAR) wavelengths (350-700 nrn), with a second sensor recording surface
incident PAR. Both sensors were logged simultaneously with time into a Li-COR data logger.
Discrete water samples for instrument calibration (ﬂuorometer and transmissometer) and for
phytoplankton identification and enumeration were taken from the Niskin bottles, closed at 3,

4 or 5 depths.

2.2 INSTRUMENT SPECIFICATIONS

2.2.1 CONDUCTIVITY TEMPERATURE DENSITY SENSOR (CTD) |
The CTD unit consisted of a Falmouth Scientiﬁc Inductive Conductivity Sensor with a range
of 0- 65 mho e set at a sampling frequency of 6Hz;aF almouth Scientific titanium pressure
sensor with a range of 0- 2000 psi, set at a samphng frequency of 6 Hz; and a Falmouth
Scientific pressure protected stabllrsed therrmstor (glass) with a range of -2 to 32 oC set at a
sampling frequency of 6 Hz. Depth correction was applied to all raw data to amend changes

in the diameter/length of the sensor measurement volume as a function of bulk
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compressibility. - The cell changes size due to the thermal expansion coefficient of the

alumina.

A FORTRAN programme, written by Dr L Nash, ‘was used to offset the depth, calculate
salinity (UNESCO tech paper 44) ‘and ,also convert the logarithmic fluorometer signal to

fluorescence units and the transmissometer to attenuance.

2 2. 2 FLUOROMETER (CHELSEA INSTRUMENTS AQUATRACKA III)

The measurement of red hght emrtted from photosynthetlc plgments when excrted by blue
light, forms the basrs of thc ﬂuorometrlc method for measurmg chlorophyll a and hence algal
biomass in sea water. The Aquatracka III measured the ﬂuorescence through a 2-beam
ratrometrrc method in Wthh the 1nten51ty of a beam of hght from the water sample was
compared to a reference beam The light was- drrected onto a photo drode and was converted
into a loganthmrc voltage s1gna1 Samphng rate was. 0 SHz Examples of cahbratron

parameters are listed in Table 3.0. 7

FLUOROMETER CALIBRATION

I“)AYk | k RZI' - | Intercept‘, , - Stope
Late May 0663 | . 32970 19.137
August 087 | 419 | 21283

Table 3.0. Calibration parameters of the Aquatracka IIL.

2.2.3 TRANSMISSOMETER (SEATECH, 25CM PATHLENGTH)

A transmlssometer measures the ratlo of transmitted light ﬂux (ET) and incident light flux (E,)
at both ends of a narrow beam of ﬁxed length (250m) When all hght enterlng the near end of
the beam also exits the far end, transmrssron is 100% (0% attenuatron) ThlS 1S an optrcal
method used to quantrfy suspended partlculate material (SPM) which rehes on the mherent
properties of light transmission in water, i.e. attenuation due to the scattenng deﬂecnon of
water molecules, dissolved solids, suspended particles and absorption which convert light to

heat or energy with a different wavelength. The sampling rate was 0.5Hz.
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2.2.4 Acoustic DOPPLER CURRENT PROFILER (ADCP)

The R-D ‘Instruments ADCP is based onithe Doppler shift, and transmits sound at a fixed
frequency and ‘listens’ to the echoes retufning from sound scatterers m the water.  These
scatterers are small particles or plankton that reflect sound fbéc:k ’t’o tkhe‘ ADCP and in general
move at the same horizontal velocity as the water. The Doppler shift is a measure bf the
relative radial velbcitybetWeen different objects and is the change in the observed ~’sound
pitch, resulting ‘from relative motion which isfdirec,tlyfproportional"to“velocityi~ An ADCP
senses different velocity components using multiple beams pointed at different\‘direct:ions.
This four beam ADCP generates two horizontal VelOciti‘es ‘and two estimates of vertical
velocity for the three components of the flow (horizontal,; perpendictﬂar hérizontal and
vertical). The velocity profile is broken into uﬁiform bins (depth cells) Where each bin is
comparable to a single current meter. The bin";‘depth T was 05 1.0 m, depending on the
ADCP frequency. Profiles are prodﬁced by range-gating the echo signal, wh'ichl breaks up thé
signal into successive segments aﬁd "“proycesses each separately. Echoes from hard surfaces
(e.g. surface or bottom) are so ‘much stronger than from ','\s.catter’ers, thétfvsuppreSSion of the
transducer side-lobe occurs. This causes echoes from the side-lobe facing the*surface,‘to
return to the ADCP at the same time as the echo from the main lobe, thus a‘p'éryéérntagé of the
data is usually contaminated. However, the percentage of ‘ba‘d” data is dépé‘ndeht”bn the éng"le
of the transducers and the use of narrow or broad band ADCP. The ADCP also produces
binned ‘data “for béam intensity, which can be averaged (over the 4 beams) to ’providé"a
measurement of the relative backscatter. In 1995, the instrument used in the SouthamptOn
Water studies was an RD Instruments 1200kHz, narrow band ADCP (% bad data =15). In
1996 and 1997, the instrument used was an RD Instruments 600kHz, broad band ADCP (%
bad data =20). During the North Sea, CH129 cruise, a vessel mounted RD Instruments
150kHz, narrow band ADCP was used (% bad data="10). ' '

2.2.5 NBA CURRENT PROFILER
The NBA current metef, unlike the ADCP, gives Velbcity r'nagnitude‘a-nd directidn readings at
one depth only, but can provide data from the near bottom and near surface waters. During
1995 and 1996, vertical profiles were performed every 0.5hr, with 0.5-1.0 km depth resolution.
The instrument relies on the physical motion of the water to rotate a péddle which translates
this movement into a velocity measurement (ms™). An internal compass determined direction

(degrees):
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2.2.6 LI-COR COSINE IRRADIANCE, SENSOR

This sensor is cosine-corrected to allow measurement of irradiance flux densities through a
given plane. When a parallel beam of radiation of given cross-sectional areé spreads over a
flat surface, the area that it covers is inversely propOrtionél to the cosine of the angle between
the beam and a plane normal to the surface. Therefore, the irradiance due to this beam is
proportional to the cosine of the angle. This instrumenf also has an immersion effect when
profiling in water, wher¢ correctibn factors need fo ‘be applied to normalise the measurement
to a typical air reading. Final Valiies are given as photon irradiance (i.e. the rate of arrival of

visible quanta per unit area) in units of uE m* s (=pmol m> 5.

2.3 LABORATORY ANALYSES AND INSTRUMENT CALIBRATION

2.3.1 CHLOROPHYLL a DETERMINATION

Chlorophyll:a and phaeopigment concentration were determmed by ﬁltermg between 100-
200ml water (collected in Niskin bottles at known depth) through 25mm dlameter Whatman\
GF/F filters. Filters wcfe stored frozen,v in the dark until analysis. 5ml of 90% acetone was
added to‘each filter: and grouhd using an ultra-turrax mixer for ~3 minutes (or until fully
pulped). This mixture was centrifuged for 5 minutes at 3000rpm and the supernatant removed
and mixed (to destroy any pigment concentration gradients). This supernatant was measured
n aln Aminco ﬂdorométer, béfdre and after dcidiﬁcation (a reading was taken after the
addition of 2 drops of 10% (v/v) HCl to allow the calculation of total phaecopigment
concentration). ‘Pigment concentrations were calculated using equations based -on the rrlethods
of Lorenzen (1967). The Ammco ﬂuorometer was calibrated Wlth a standard solution of

chlorophyll a (Sigma chemlcals) assayed using a spectrophotometer as described by Parsons
et al. (1984).

2.3.2 TOTAL SUSPENDED PARTICULATE MATTER

The conversion of beam attenuance to total SPM concentratlon was grav1metrxcally processed
using the discrete water samples Total SPM in the water samples was determined by ﬁltermg
100-200m] water through pre-weighed and dried 25mm diameter Whatman GF/F filters (pore
size 0.7um). Before storage, ~10ml distilled water was passed through the filter to prevent

the formation of salt crystals. All filters were dried overnight at 80°C and re-weighed.

26



Chapter Two: Methodology

Total SPM concentration (gl = LWE;@ ' ‘ W

where: Wt, = initial weight of filter after drying (g); Wt, = weight of sample + filter after
drying (g); ¥ = sample volume filtered (litre).

2.3.3 CURRENT VELOCITY |

ADCP data were further analysedﬁ to provide velocity shear (1, s?) and gradient Richardson
number (Ri). Where: |

g (B e i e g

where z = depth; u = velocity magnitude.

=2/

Ri = : —
p oz

> ©)

where g = acceleration due to gravity; o= density.

2.3.4 ATTENUATION COEFFICIENT

The diffuse attenuation (=extinction) coefficient for a water sample was calculated from two

PAR measurements at different depths:

logell IOgefz

k)=

(D

where I, I, = irradiance at depths 1 and 2; d ,,d , = depths at two measurements (d , > d ,) in

meftres.
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2.3.5 PHYTOPLANKTON PRESERVATION, IDENTIFICATION AND ENUMERATION

All whole water samples were preserved with Lugol’s iodine solution for storage until
microscopic examination A stock solution of 200 g KI, 100 g I, in 2000 ml H,0 with 190 ml

glacial acetic acid was prepared (Parsons et al. 1984) To each 200 ml whole water sample

0.2 ml Lugol s Todine was added.

In 1995, species identification and cell counts involved a 2-stage sampling process:
i. Primary sub-samples for concentration through sedimentation '
ii.  Secondary sub-samples (1 ml) from the concentrate for identification and

counting in a Sedgewick-Rafter chamber.

Using 10-20 ml sedimentation chambers, samples were settled for at least 12 hours, allowing
for a sedimentation rate of 4 cm d“ (Kif“lke 1992) The surface Volume was removed using a
pipette and the remarnmg 1ml (allowmg for ~0.5 ml evaporation) was mlxed and removed to
a Sedgew1ck-Rafter chamber and left to stand for 5 mmutes Specres 1dent1ﬁcatlon was

performed using an 1nverted Leica mlcroscope wrth 100-400 x magmﬁcatmn

Cell counts were calculated using:

. (10°xC) |
-1 8
Cells litre = (15x F) “ (8)

where: C= number of cells counted in 15 squares (1 square=1 pl); F*= concentration factor

(volume primary sub-sample/ volume secondary sub-sample).

During 1996 and 1997, cells were identified and enumerated on the base plate of the
sedimentation chambers. Samples were left to settle overnight. The total area of each base
plate was 490.87 mm?, and the actual area counted was determined by the number of transects

viewed. 1-4 whole transects were counted, depending on cell density.

Counting error was calculated on the basis of triplicate sampling of one Sedgewick-Rafter or
sedimentation chamber. Standard deviations were related to the concentration of cells per
sample (i.e. high cell densities = reduced error). Sub-sampling and counting error was

calculated as a % coefficient of variation (%CV) determined by the standard deviation divided
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by the mean. In all cases %CV <15.

During the North Sea CHI29 cruise, whole water samples were counted live, as few motile
species were present.  Samples were concentrated by filtering 0.5-1.0 litre through a 20um
nylon mesh. The mesh was washed and then re-suspended in 10 ml filtered seawater and 1 ml

was transferred  to a ‘Sedgewick-Rafter chamber, where 30-50 squares were - counted;

depending on cell density:

Species identification was determined through the use of identification keys including Drebes |

(1974).

2.3.6 DATA MANIPULATION AND PLOTTING =

Data from the ADCP were filtered and averaged at S-m’in,ut‘e; intervals, using,’the Transect
software supplied by RD Instruments. As these dé.ta were‘co\llwectved‘ using a downward facing
ADCP, ‘the. data:were normalised :to- the sea surface and: blanking;ﬁlesf were: created to
eliminate “bad” data. This information is presented using thefsur‘facemapping package Surfer
(Win32) v.- 6.02. The gridding method hsed was’Kriging, w1thgr1d sizes determined by the
sampling frequency. In all cases the data were normalised to the sea bed, with blfanking files

added to each diagram to highlight the varying water column height due to the tidal influence.

The CTD data were filtered to remove any above water sampling collected during the
deployment, and both the up and down cast are presented in the figures. The same mapping

(Surfer) programme as for the ADCP data was used for these plots.:

X-Y plots were produced using the graphical options in Excel (version 7.0) and Quattro Pro

‘(version 6.0 for windows).

2.4 LABORATORY EXPERIMENTS

2.4.1 SUBCULTURING TECHNIQUES
12 species of phytoplankton (Appendix II) were routinely maintained in the laboratory, in
200ml batch cultures, each species in duplicate. The growth media used was a modified

Keller’s recipe (see Appendix II) in filtered seawater (salinity >31). Borosilicate glass and
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polycarbonate conical flasks were used, with cotton bungs covered with muslin. 200 ml
filtered sea water (FSW) was added to each glass conical flask and sterilised in a Rodwell

autoclave The sterlhsatron perrod was 30 mrnutes at 120 °C at.a pressure of 2.2 bar. All

specres were subcultured at two week mtervals

From th1s culture collectlon specres were chosen to carry out expernnents 1nvest1gatmg the
effect of turbulence on growth rate. In each case turbulence was created by bubbhng air into a

" batch culture of varying volume.

2.5 GROWTH RATE EXPERIMENTS

| 25.1 AMPHIDINIUM CARTERAE (SMALL VOLUME)

Growth rates were determmed for the dmoﬂagellate Amphzdmzum carterae grown 1n varyrng
turbulent conditions. 3x1 htre Duran bottles were autoclaved with 800ml FSW and ennched
with Full Keller s nutrient recrpe (no added NH Cl). Two bottles srmulated a turbulent reglrne
m whlch a1r was pumped into the culture at Varylng flow rates (1 e. low turbulence 50 100 cc
min’'; a high turbulence 200 300 cc mm ‘) quantrﬁed usmg a ﬂow gauge The thrrd culture
was left asa control with no bubblmg, although strrrmg did occur before each samphng perrod
to ensure a representatrve sample Ternperature was kept constant at 15°C with the use ofa
water bath, set ona hght bank provrdlng 1rradrance of 100uE m? s ,ona 16:8hr L:D cycle
Cultures were covered with alumrmum forl leavmg only the base open to the hght source.
Cultures were 1noculated to grve an 1n1t1al cell count of 200 cells ml (+ 30). Cell counts were |
taken da11y and observed using an 1nverted Leica mrcroscope with 100-400 X magnrﬁcatlon

Growth rates were calculated using:

K ln(Nr—No) | | ©)

ti—to

where N is number or concentration of cells in the culture; ¢ is time, and k. is the number of
‘logarithm-to-base-¢’ units of increase per day. Subscripts denote values at two times and /n

indicates natural (base e) logarithms:.
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2.5.2 RHIZOSOLENIA DELICATULA (SMALL VOLUME)

Growth rates were determined for the chain-forming diatom Rhizosolenia delicatula grown in
varying turbulent conditions. The experimental design followed tha'r of the first culture
experiment, with some modiﬁcations - Na, Si0, (10pM) ‘was‘ added along with Keller’s
nutrients and 500 cells ml‘ was the initial inoculum. As well as cell numbers the actual
number of cells per chain were counted. Growth rates were calculated using equation (9).

Cell and chain counts were taken daily until the culture entered stationary phase.

2.5.3 A. CARTERAE (LARGE VOLUME)

Using a square tank (internal dimensions 282 x 268 x 339mm) growth rates of A carteraé
were determined in a 15 litre culture. Due to ,the structure of the tank it cannot be autoclaved,
so prior to use it was cleaned with a sterilisation solution (Presep'tf disinfectant tablets ~2.5g
sodium d1ch10r01socyanurate in 2 litres). and rinsed. Autoclaved FSW ennched with Keller’s
nutrient recipe provided the,.,growth medra ThlS was left to equilibrate in the constant
temperature room (15 °C) before iuoculatron A novel sampling techmque was used to
prevent any movement w1thm the tank m order to. estabhsh the optxmum growth rate
achievable in a non-turbulent env1ronment Three srhcon rubber tubes set in a silicon bung
were placed through a side wall sampling port and held at different vertical herghts w1th1n the
chamber. Samples were extracted daily to determine the homogeneity within the culture.
Before inoculation, a siphoning syStem was set up, so future sampling aliquots flowed freely
through the tubes. Sampling in this way prevented daily intrusion into the tank. As such a
large culture volume wés used, the initial inoculum was 1060 cells ml" (+ 60) Temperature
was kept constant at 15°C, with irradiance at 100pE m? s' set on a 16:8 hr L:D cycle.

Sampling occurred daily from each position.

2.5.4 R. DELICATULA (LARGE VOLUME)

Using the experimental set up as for the third culture experiment, growth rates for
Rhizosolenia delicatula were determined. Two initial trials using this diatom with this
experimental design proved unsuccessful, (which used Keller’s nutrient recipe with the extra
addition of Silica). The initial inoculum was 530 cells ml" (% 35). Temperature was kept
constant at 15°C, with irradiance at 100 pE m? s set on a 16:8 hr L:D cycle. Sampling
occurred daily from each position until the stationary phase. Chain length was also

determined.
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3. SOUTHAMPTON WATER
3.1 GENERAL INTRODUCTION To SOUTHAMPTON WATER
Southampton Water forms the north- westerly extension of the Solent System on the south
coast of England, and includes the estuarres of three chalk—derlved rivers: —Test Itchen and
Hamble (Figure 3.0). The Test and the Itchen, enter at the head of Southampton Water and
account. for 45% of the total river ﬂow mto the Solent In“a,typlcal,, year, the Test has a
discharge of 25 cumecs in mid-winter, diminishing exponentially during the Ssummer to 6

cumecs the following October. The flow from the Itchen is approximately' half that of the
Test. o |

Southampton Water isa partrally mlxed estuary, w1th an active central sh1pp1ng lane where
the main channel is dredged toa depth of 15m from the mouth to the upper reaches of the Test
estuary. Th1s dredgmg from 12- 15 m occurred durmg September 1996 - May 1997.
Southampton Water is 10km in length wrth a max1mum width of 2 km and is bordered by the
urbamsed area of Southampton w1th major mdustnal and chemrcal srtes such as the Calshot
power station and the Esso oil reﬁnery at Fawley lerted ntertidal mudﬂats remaln along

the western shore at Hythe.

The salinity structure along Southampton Water, very much depends on the tidal state and the
seasonal cycle of freshwater flow (Phillips, 1980).: At high water a weak stratification occurs,
with surface salinities usually exceeding 30 at Dock Head (at the confluence of the Test and
Itchen rivers) during the summer and autumn. The vertical ‘sahnity difference at the mouth of
Southampton Water, typically ranges from 0.5 to 3, WIth a seasonal range in temperature

between 3.0 - 21°C. A seaward decrease in water temperature generally ex1sts

. The area has an unusual tidal pattern, ﬁrst described by ‘A,iry: (1843), where the interaction of
the M, and M tidal constituents (particularly prominent during a spring tide) creates ’;a double
high water, making their combined amplitude signiﬁcant when compared to the principal
lunar tide (M,). This high water stand can last up toth,reehours, reducing the time available
for the ebb phase. The resulting tidal asymmetry leads to six hours of moderate flood currents
and four hours of rapid ebb velocities up to 1.5 ms*. The flood has a normal duration (6
hours), but there is an intermediate near stand (1 hour) which commences 2 hours after low
water (Webber, 1980) where tidal current velocities are temporarily reducekd.; ;’Maximum

currents for the ebb occur 2 hours before low water at neap tide and 1 hour before at spring
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tide; whilst during the flood period, maximum currents occur 2 hours and 1 hour after low
water for the neap and spring tides respectively. This cyclicity of tidal energy and slack water
generates semi-diurnal periods of strong mixing, with intensity being greatest during the ebb
phase and increasing from a neap to a spring tide. Spn'n’gfcurrents are twice those of neaps,

displaying a tidal prism volume ratio of 2:1.

Williams (1980) suggested that photosynthetic processes in Southampton Water are mainly
controlled by planktonic rather than benthic ‘speCies This however was based on both a low

frequency temporal samphng programme and 11tt1e data of mrcrophytobenthrc community

productlon Estlmates by Inarte (1992) of total water column pnmary productlon O’OC and:;
DOC) showed Southampton Water to bea moderately productive estuary, with rates of 207 g

C m? yr' measured at Netley (mid-estuary) and 162 g C m? yr' calculated for Calshot
(mouth). Temperature and salinity stratification is seen at Netley in the summer months, vﬁvith‘
maxirnum chlorophyll. a concentr’ationy reaching 35‘0" mg m? in mid Tune k‘(Iriarte ‘199‘2).?
Calshot remains vertically homoge_n"ous throughout the,:year,'Withy a chlorophyll a “maximum‘
of 160 mg m’ at the end of Ap'ril; Chlorophylla#leyels are reported to 'decrenee from the mid-
estuary region,‘longitudinally down ‘toward;the"mouth (Bryan 1979; Antai 1990; Kifle 1992).

Kifle (1992) described the spatial and seasonal distribution of phy‘toplankto"n at two stations in
Southampton Water from intenSive studies conducted during 1988- 1990 He oBServed that
phytoplankton populations were estabhshed on the low neap trdes and were then apparently
flushed from the system during spring tldes Ind1v1dua1 specres tended to develop on the neap
tides when water stability was enhanced, with a succession of species dominating between
May and August. In years of exceptional red tidee, dominated by the phototrophic ciliate
Mesodinium rubrum, this physrcal—bwloglcal assoclatlon may be further aligned with a
modulation of the spring tide due to the N, tidal constltuent A review of the tidal data and
literature indicates that the spring tide associated with the full moon exhibits a reduced tidal
range compared to the new moon and in some years produces a range close to the mean.  This
extends the period of reduced tida} mixing, enhancing dynamic stability: and‘ permitting
sustained net growth of the population within the estuary. M. rubrum blooms were often
associated with these reduced spring tides, and during the summers of 1985 and 1986 reached
concentrations of 3 x 10° cells litre?, corresponding to chIOrophyll a -concentrations of
>100mg m* (Crawford and Lindholm 1997). This association between M. rubrum and the
dynamic stability of the water column was further explained by Crawford and Purdie (1992)

who examined the vertical distribution of the organism in relation to a tidal cycle. Apparent
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vertical migration was observed, suggesting that the photosynthetic ciliate population

aggregates in the surface layers durmg the high water stand, and at the onset of the ebb flow,

moved down ‘in the water column However when vemcal mixing becomes mtense the

populatlon canno longer occupy a sultable posmon in the water column.

From several studies conducted in Southampton Water a typ1cal pattern of phytoplankton

succession occumng over the spring and summer months can be descrlbed as summar1sed in

the Table 4.0. ;
SEASON SPECIES . ;‘PHYTOPL,ANKTON |
o ‘ Groue
Mid April- May Skele’ton‘erﬁa COstaturh‘ g Diatoms
: | Thalasszoszra spp :
Apr/ May - June hazosolenza delzcatula :
Late August ; Chaetocetos~spp. = .
; MidQLate‘MéY' Eutrepii_éal_l;hiarina ‘ _ Euglenoids
End May "’Late August Mesodmtum rubrum — Cih'ate (autotroph)f
Mld June k Perldmzum trochozdeum ’ ~ :Dinoﬂagellz‘ite

Table 4.0. Phytoplankton Species ~Succession in Southémpton Wéter (Kiﬂe,1992). ‘
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Figure 3.0 - Southampton Water estuary, highlighting the major fresh water rivers entering
from the north. :
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3.1.1 PHYTOPLANKTON POPULATIONS IN SOUTHAMPTON WATER

3.1.1.1 SPRING-NEAP FORCINGS’

The spring-neap tidal cycle ‘has. been. 1dent1ﬁed as an 1mportant drivmg variable for
phytoplankton growth by several authors (e.g. Cloem l991 Balch 1981 Roden 1984) with
the degree of influence differing w1th time and location Winter et al (1975) reported that
blooms in the spring months occurred during neap tides when reduced tidal currents resulted
in stratification. Balch (1981) showed that in summer blooms occurred at rnaJor sprmg tides
due to the vertical rnixmg of nutrients. In Southampton Water prevrous studies suggest an
increase in algal biomass (represented by chlorophyll a) durmg the neap tides with the largest
growth during the period 1mmed1ately after low neaps (Kifle 1992), with no ev1dence to

suggest that this is a seasonal phenomenon. -

The. 1nﬂuence of the tidal cycle on the development and the demise of the spring bloom was
also highlighted by Anning (1995). For the years 1992 and l993 the onset of the spring
bloom (dominated by hazosolema delzcatula) corncrded w1th the ‘neap tidal cycle During
1992, there was a. particularly low neap tidal range (l 5m). However, the chlorophyll a
concentrations only reached 2 mg m~*, this was suggested to be due to the low irradiance from
the high level of SPM in the water column (Anning 1995). The following lowi neap- tidal
range at the end of May exhibited chlorophylla concentrations up to 22 mg m.

On closer examination of the timing of the recurrent summer phytoplankton bloom in
Southampton Water, the red tide events caused by Mesodinium rubrum appeared to be linked
with the tidal cycle (review of existing data for Southampton Water, Table 5.0). In a study by
Roden (1994), increases in M. rubrum population also occurred during the neap tides at
Glynsk, on the coast of Connemara in Ireland. On the Connemara coast, M. ‘rubrum cell
| numbers were observed to increase during the low neap tides and continued 'to increase into
the early spring tidal period, until ﬂushing rates amplified and became the limiting factor for
bloom formation. This pattern of biomass increase in the M. rubrum population has also been
observed in Southampton Water. High frequency temporal studies, over.a daily tidal cycle,
have shown this autotrophic ciliate to vertically migrate through the wateri,column, presenting
the opportunity to increase its residence time in the estuary by reducing-the ﬂushing losses
(Crawford and Purdie 1992). However, during spring tides, where flushing rates are
enhanced, individuals are removed from the estuary. In 1985, l986, 1987 and 1988 when
exceptional blooms of M. rubrum occurred, the tidal pattern prior to blooming took on a
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similar pattern (Figure 3.1). Usually, the second spring tide of each lunar month repeatedly
has a smaller tidal range than the ’ﬁrst, but in the above years this second epring was
exceptionally small. This suggests that tidal flushing rates were redueed -alloWing a larger
population to remain in the estuary. In oonjunctron Wlth the neap tides, thls prov1ded a
prolonged period during which tidal energy was low extendlng the time during whlch rapid
growth could occur. This asymmetry in tidal range is the result of the orbit of the moon
around the earth-moon centre of mass: it is not circular, but e‘lliptical." /Thevariation in
distance from earth to moon results in corresponding variations in the tide-p'rbdncing‘forees.
When the moon is closest to earth, it is said to be in perigree, and the moon%s ti‘depryodueing; ~
force is increased 'by up to 20 % above the average value When the moen is furthest from the
~ earth, it is in apogee, where the tlde producmg force is reduced by 20 % below the average.
The interval between successive pengrees 1s 27.5 days. Figure 3.1 shows. the spring and
summer predicted tidal ranges for the years when exceptional red ‘tides of M. rubrum
occurred. Phytoplankton blooms occurred during the neap to‘ Spring tidai period, and formed
exceptional concentrations when the ﬂushing‘rates (freshWater fraction method) were reduced,
during periods of a double low spring tidél range. “The instigation of the phy’roplankton
increase at the start of the spring bloom is- hkely to be nradrance dependent (general

observation of the timing of blooms in 1997)
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Year and Dateof | Station Depth | Maximum Dominant
Author Survey Chla Phytoplankton
‘ (mgm®) |  Species
Diwan . 19/6 °73 Netley | Surface | 26 | Peridinium trochoideum
1978 ’ “ Netleyk Sm- 27 Prorocentrum s‘pp‘ -
10/7473 | Calshot | Surface | 13 * Gonyaulax spinifera
@ o Calshot 5m B e e e
-Burkill Feb74 | Calshot | 1m -3 | S costatum; Navicula spp
1978 May ‘74 Calshot | 1m 4  Biddulphia spp.;
o Aug ‘74 ~ Calshot mol e . Asterionella
Peridinium spp:;. ...+
bbb | Gonyaulax, Prorocentrum
Bryan August 74 | River Test | Surface | . 49 | T Nodata
1979 ‘ ' b B s e s i ]
o Crawford: o fe v i 5 b | M rubrum (cellsm?) *
1992 - May ‘85 _ Netley Integrated |  No data ool2x1e
| June85 | Netley | over | | 22x10°
£ o] depth | ; s aniy
- Leakey . ‘May 86 | Calshot | Im | 27 S. costatum #
- 1986 Aug ‘86 Netley |~ 1m T4 M. rubrum *
1989 May ‘87 Netley 0-1m 39 R delicatula #
Aug ‘587 Netley . | 0-lm 50 M rubrum *
May 88 Netley 0-1m 10 R delicatula
Aug ‘88 ‘Netley | 0-lm < . -
Kifle 29Apr- Netley Surface 24 R. delicatula, E. marina
1992 12May ‘88 |  Netley ' 100 P.trochoideum; M.
16-199May | Netley 73 rubrum*
‘88 Netley Chaetoceros spp #
14-30 May. -~ e .
‘88
25/8 88 ) -
Iriarte May ‘90 Netley Surface 11 Phaeocystis; Chaetoceros
1992 -~ | 2Aug‘90. | Netley s .18 M. rubrum
" Anning May ‘92 Netley Surface 22 R. delicatula; Phaeocystis
1995 May ‘93 Netley Surface 15 R. delicatula; Phaeocystis
Ryan 25 Aug ‘94 Netley Surface <50 M. rubrum #
1994

Table 5.0. Algal biomass and phytoplankton speciation in Southampton Water between 1973-
1994, Between 1994 - 1997, very few M. rubrum ciliates have been observed.  Major red
tides were observed in 1985, 1986, 1987 and 1988.
* = Red Tides; # = High chlorophyll a.
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3.1.1.2 RECCURRENCE OF RED TIDES AND FLUSHING RATES

Southampton Water receives fresh water from two main tributaries at its head the Rrver Test

on the western side and the Rrver Itchen from the east (Figure 3.2). Both these TIVErs

Southampton Water Average monthly Test river ﬂows were obtalned from the Envrronment
Agency (formerly NRA) from therr flow gauge at the top of the Test, durmg the perrod of
1987 1995 (Figure 3. 3) no. data were collected for the Itchen February, March and Aprrl
typically show hrghest rrver flows, with February 1990 provrng the hrghest over the perrod
1987-1995, reachmg a monthly average of 30 cumecs In 1990 January, February and March
accounted for 66.6% of the annual Test r,rver’ 1nputs ThlS would have caused increased
estuarine ﬂushing rates, nearing the levels quoted by Zrnger (1989) of 3-5 days (compared to
summer ﬂushrng rates of ~20 days) The mcreased r1ver ﬂow durrng certaln months in the
year causes both a downstream movement of the sahmty 1ntrusron frorn the Solent and a rnore
rapid crrculatron of ‘water, whllst at the same trme mcreasrng the buoyancy Jinput into. the
estuary. Based on the fresh Water flows (cumecs) resrdence trrnes (Frgure 3 4) w1th1n the

estuary were estrmated usmg the fresh water fractron method (Dyer 1996)

Flushing time is the time required to replace the existing fresh water in thees\tuary at a rate

equal to the river discharge. This concept is also known as the re\skidence time.
Flushing time (T) = Vf/R ()

where Vf is the total amount of river water accumulated in the section of the estuary from

Netleyy to Calshot, and R is the river ﬂow (based on EA values).
. The mean fractional fresh water concentration over any segment is therefore:
f=S8s-Sn e gty et gt o e S o)
Ss :
where Ss is the salinity of the undiluted sea water and Sn is the mean salinity in a given

segment of the estuary. The total volume of fresh water Vf is found by multiplying the

fractional fresh water concentration (f) by the volume of the estuary segment.
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The red-water appearance caused by Mesodinium rubrum was a typical feature of the
recurrent, except1onal summer blooms durrng 1985, 1986 1987 and 1988 (Table 5.0). During
the time perlod of thrs study, exceptronal red—txdes were not observed and over the perrod
1995-1997, M. rubrum has provrded a small contrlbutron to the total algal bromass with
comparatlvely low numbers of 1nd1v1duals observed Crawford and Lmdholm (1997) have
suggested that the main ‘triggers’ governmg M rubrum growth are mcreased ternperature and
water column stablllty (from fresh water mput) Combmrng the prevrous studles in
Southampton Water by mcorporatmg bloom trmmg, trdal reglme and fresh water data suggest
that this c111ate prohferated during the neap perlods (of low tidal energy) and formed red tlde,
events durmg perlods of a reduced sprmg tidal pnsm (ie. the 1ntert1dal volume) whrch would
prevent ﬂushmg losses from the estuary Referrrng to Flgure 3 1 the years when red-tlde
events occurred in Southampton Water have lower than average spnng trdal ranges followed
by greater neaps suggestmg that these summer penods would exhrbrt lower TKE and coupled

with average summer rrverrne mputs (6 cumecs) would suggest the occurrence of a sahnrty

stratification.” For years such as 1990 where‘ ‘though M rubrum (18 mg m? chlorophyll a)
was present, a red-tide did not occur, the predrcted trdal data did not suggest perrods of low.
tidal energy (through consecutrve_reduced spring trdes) and wlth,the; reductron in summer
fresh water i’n’putsn(3 cumecs),~the015rerequisitei‘of water column stability may ’not“have been

achieved.

The decline of these red-tides did not suggest aninstantaneOus collapse ‘(phaeopigments did
not increase, Crawford and Lmdholm 1997) As w1th the bloom 1n1t1atron the dechne of the
population may have been due to trdal dynamrcs The greater tidal prrsm of sprmg tides may
have increased ﬂushmg rates beyond a hmlt that the populatlon could sustain through growth
(Ketchum 1954) or vertical mlgratron (Crawford and Purdie 1992). ‘

3.1.2 SUMMARY o

These previous studies descrlblng the occurrence and duratlon of blooms w1th1n Southampton
Water were used to devise a samplmg strategy for Southampton Water between 1995-1997.
~ The timing of blooms seems to occur after neap tides, with exceptional blooms more frequent
after reduced spring tidal ranges. Phytoplankton species succession suggest that diatom
bloorns occur in the spring months, whilst motile species seem to bloom in the summer. This
background information was used as a basis for the sampling protocol implemented in

Southampton Water for the period 1995-1997.
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Fig 3.2 - Southampton Water estuary. Location of sampling stations used during the surveys
between 1995 - 1997. 1) NW Netley. 2) Hound Navigational Buoy. 3) Greenland Buoy. 4)
Hamble Jetty. 5) Calshot.
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3. 2 HORIZONTAL STUDIES IN SOU’I‘HAMPTON WATER

Thls study was desrgned to determme the horrzontal structure of physrcal an

parameters along Southampton Water and to 1nvest1gate the underlymg advectlve processes*:;

which may lead to phytoplankton patchmess

3.2. 1 SAMPLING STRATEGY

An 1ntens1ve samplmg survey was conducted over a 12 hour perlod durmg whrch four statrons .

n Southampton Water were monltored at h i y 1ntervals to determtne the horrzontal depth

The stattons marked by

Southampton Water over a dayllght tidal cycle durmg a neap trde To drscuss the physwal :
controls mﬂuencmg the vertical drstnbutron of phytoplankton it was necessary to clearly

deﬁne the horrzontal structure of Southampton Water .

Along estuary samphng in Southampton ter was performed over a trdal cycle on 8 August ‘

Subsamples from lekln bottles (5 depths) were taken for 1nstrurnent cahbratron and

phytoplankton preservatron

' Proﬁlmg at the Hamble Jetty began at 05: 30 (GMT ); w1th the last cast at 17 OO (GMT) Water
samples were collected and filtered through GF/F filters for chlorophyll a determrnatron and
gravimetric measurement of total suspended part1culate matter (SPM) Phytoplankton
samples were preserved from two depths. Intermedtary CTD casts WEre deployed along the k
transect at Hound buoy (50"51 652N OOl°2l 476E) and Greenland buoy (50°51.652N;
001°20.324E). Water samples were not collected at these sites. The typical current structure
during a neap tide was provided from a 13hour anchor survey conducted in May 1997, when
the tidal range was 2.7 m. This data was collected using a 600 kHz broad band ADCP, whilst

anchored at Hound navigational buoy.
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Figure 3.5 a) Chaetoceros debilis . Size range 10-40pm. A & B = spirally twisted chain; C =
production of auxospores; D = frustules; E= valve view.

Figure 3.5 b). Skeletonema costatum. Size Figure 3.5 ¢) Ditylum brightwelli. Size range
range ~5-25um. A-C varying magnification. ~ ~25-100um. A= 2 live cells; B = whole
frustule; C =part of frustule.
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Figure 3.5 f) Eutreptiella sp. Size range 10-  Figure 3.5 g) Peridinium (=Scripsiella)
80pum. trochoideum. Size range ~20-100um.

Figure 3.5 1) Mesodinium rubrum.

Figures 3.5 are taken from the Baltic Sea database. Depariment of Marine Botany, Goteborg
University, Sweden (www.marbot.gu.se/sss/ssshome.htm).
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3.2.2 RESULTS

3221 ALONG ESTUARY TRANSECTS o

The current structure durmg a neap t1de (Frgures 3 6 a, b c) deprcts typrcal velocmes in terms
of velocrty magmtude (cm s ‘) u-velocrty (cm s‘) and shear (s 2) The trdal asymmetry
between the ﬂood and ebb flows was clearly hrghhghted (Flgure 3. 6b), showmg maxrmum
ebb velocrtres >45 cm s compared to maxunum ﬂood currents reachrng‘ 30 cm s The u-
velocrty 07 1gure 3 6 b) mdrcated the penods of the trdal state showmg the ﬂood perrod lastmg
for 55 hrs and the perrod of ﬂood stand reducmg currents to <5 cm sl 'for 2 hrs The hlgh
water stand hrghllghts the estuarme crrculatron wrth a surface seaward current overlymg a
landward bottom flow. The surface current extends to 2m depth and occurred approxrmately
0.5 hrs after the first hlgh water. The dlfference 1n current velocrtles between the velocrty
magnrtude (Flgure 3. 6a) and the u-velocrty G*‘ 1gure 3 6b) suggested that V—velocrty contrrbutes
s1gn1ﬁcantly to the tldal asymmetry Fnctlonal boundary shear (Frgure 3 6c) was determmed : |
from the velocrty magmtude and hrghhghted the regrons of mcreased mrxrng, caused by the

benthrc boundary durmg the ﬂood and ebb perrods but also frorn the free-ﬂow estuarme
cnculatron in the upper Water column durlng hlgh water It is clear that thls is a hlghly

dynamrc system w1th perrods of mlxlng followed by temporary stabrhty

Data derrved from CTD proﬁles (Frgure 3 7) SPM (Flgure 3 8) chlorophyll a (Frgure 3 9)
and velocrty were combined to produce a longrtudrnal v1ew of the estuary, presentmg a tlme
sequence whrch has been separated into the penods of hlgh water (a), ebb ﬂow (b) low water
(c) flood stand (d) and latter ﬂood trde (e) One transect was chosen as an example of each
tldal phase Even durmg the hrgh water penod the honzontal and Vertlcal structure was
clearly dynarmc wrth the removal of surface waters down estuary and the mtrusron of a more
’ salme bottom current. Lower sahmty surface water was observed at the Hamble Jetty dunng‘
the hrgh water perlod which may be attrrbuted to the influence of the Hamble river entering

Southampton Water.
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During the ebb flow, the fresher water intrusion from the confluence of the rivers Test and

Itchen 'had extended beyond Hound Buoy and the vertlcal sahnrty gradrent at Netley had

Ire- suspensm even, :

a near-surface p'atch'of hxgher eoncentration exiysted along the transect, showing a vertical

gradient of 4 mg m”. There was little change durmg the ebb trde wrth 'ghest concentrations
aggregated in the surface layers (maxrmum concentratlons were 10 mg‘m ). 'The advectlon of
the sub-surface chlorophyll a aggregation was clearly shown to move down estuary with the

ebb tide. At low water, chlorophyll a was horizontally.» well mrxed but the vertical gradrent

was reduced to 3.

nd’the maximum concentratrons of 8 mg m3 becam 3
mixed to 10 m depth. During the flood penod chlorophyll a reached a maximum of 11 mg m*

* and vertical ,vamatlon showed a maximum of 9 mg m’ Maxrmum 1evels were found in the
near-surface zone at all the sites Sampled. k k
The drstrrbutron of chlorophyll a however although homogenous throughout the transect
does not allow conclusrons to be drawn concernmg the nature of the phytoplankton
community. Phytoplankton cell counts from the whole water Lugol’ s preserved samples
highlighted the interspecific vertical variance between groups of phytoplankton and presented

further information into phytoplankton patchiness..
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Figure 3.6. ADCP data from a neap tide survey in May 1997, where the predicted tidal range
was 2.7m. Data collected during an anchor station survey at Hound navigation buoy. a)
velocity magnitude (cm s™); b) u-velocity (cm s1); ¢) velocity shear (s?). The tidal state is
annotated.
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Figure 3.7 a-e. Horizontal salinity structure from NW Netley to the Hamble Jetty at varying
tidal states. a) high water; b) ebb phase; c) low water; d) young flood stand; e) flood phase.
Vertical lines on figure a) represent CTD stations. Data were normalised to the sea bed. Water
column depth at Netley is ~5 m shallower than other sampling stations, thus bottom blanking.
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The question therefore arises: is the vertical distribution of phytoplankton controlled by
advection and trdal currents‘7 In_order to answer thrs fundamental questxon the vertical

structure of phytoplankton was observed at dlfferent horxzontal locatlons (NW Netley and the

Hamble Jetty) dunng thrs survey Four specre wer “"ch'

vert1cal d

nine the horrzontal and

bution (Flgures 3. l()a-d) Phytoplankton unted from surface
and-bottom-samples over the 12 hour time penod The four most abundant species chosen
were all representative organisms of Southampton Water with mean cell numbers >5000 cells
litre:?! Representatlves from dlfferent phytoplankton groups counted from samples at. the two
extrem1t1es of transect ‘were taken as examples of the horlzontal structure of phytoplankton

Netly ‘nd Flgures 3 10 e—h Ha

Figures 3.10 a and e show the distribution of the cham—formmg dratom Asterzonella ]apomca
The relative magnitude of cell abundance was the same at each statlon and followed similar

trends of 1 1ncreasmg numbers over trme In each case the concentratron of cells in the surface

waters was usually greater than m, the bottom waters except dunng the penods of stabrhty'

reduced water column turbulence allowed cells to sink to deeper‘ depths.

The second diatom compared was Gyroszgma 2 (Flgure 3. lO b and f), thrs isa benthrc

diatom ‘that is usually found in 1he mter-tldal zone and on muddy substrates Cell numbers

were alway' 1 her in the bottom samples suggestlng a nea _benthic : ccumulanon of cells.

Surface kconcentratlon of latom Were an order of magmtude"lower than he ‘maximum
concentrations in the bottom. In the bottom waters, concentratlons of Gyroszgma sp. reduced
at both sites during stable periods, and showed evidence of re-suspension during .increased

shear from the tidal currents durmg the ﬂood and ebb phases Re—suspensron events appeared

" to be earher at the Hamble Jetty durmg the second ﬂood phase The re—su Ensi

durmg th ebb currents led to a surface 1ncrease in cell numbers after a lag phase of lhr This

was not observed ‘at NW Netley, where the only surface increase was seen durmg the second

flood phase.

The dinoflageliate Prorocentrum micans (Figures 3.10 ¢ and g), 'showed a surface
accumulation in the afternoon, after the ebb phase The dlstnbutlon of thls phototrophlc

naked d1noﬂagellate suggested..a: well- mrxed vertical profile during the ﬁrst half of this
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Figure 3.8 a-e. Horizontal SPM concentrations from NW Netley to the Hamble Jetty at varying

tidal states. a) high water; b) ebb phase; c) low water; d) young flood stand; €) flood phase.
Vertical lines on figure a) represent CTD stations.
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Figure 3.10 a-h. Vertical distribution of phytoplankton species from NW Netley (a-d) and
Hamble Jetty (e-h). a and e) Asterionella japonica; b and f) Gyrosigma sp.; ¢ and g)
Prorocentrum micans; d and h) Mesodinium rubrum. Surface cell counts represented by filled
triangles, bottom samples represented by filled circles. The tidal state is annotated on Figure
el

FL1 = Early flood stage;

FL2 = Latter flood stage;

FL stand = Young flood stand.

56



Chapter Three: Southampton Water

survey. Throughout the day, there was very little variance in the concentration of cells in the
bottom layers. Some variance occurred at NW Netleyf, during high water and the flood stand,

when bottom concentrations increased. ~The absolute numbers of the population were very

similar-at both stations.

The distribution of Mesodinium rubrum was very similar to that shown by P. micans, with
surface accumlﬂations building ﬁp throughout the survey. This was particularly prominent at
the Hamble Jetty. Surface accumulation seemed to begin-at the start: of the ebb tide, and
reduce during the second flood tide at ~15:30 GMT. This trend was generally followed by the
population at NW Netley. - ; ;

3.2.3 DISCUSSION

3.2.3.1 CURRENT STRUCTURE DURING A NEAP TIDE

Water flow can affect phytoplankton communities in a number of different ways. The
hydraulic flushing effect of high flow periods reduces t’he‘ residence Vt;imeyﬁ of phytoplahktonto
the point where the reproductive potential of certain ,‘s‘pecies,‘is_;ncve;r: a,t'taigcd wa;rlld;densfyitics
cannot be maintained in the estuary (Ketchum. 1934; Marshall and Alden ‘19927),,. However,
increased riverine inputs may stimulate primary‘production‘ throuyghr enhanced ﬁﬁtﬂent loading
and salinity stratification. A fine balance must exist l‘)etwc,,en the necessary ‘i'npy;u:ts to suétain
net growth, whilst combating the physical forces which‘ act to rem\ove‘ ;,‘spyecieé‘ from the
estuary. During a;neép tide in Southampton Water, maximum ebb velocities can reach ~45
cm s, and this ebb period lasts for only 3 hrs. This would equate to a tidal e,xcur‘sion; of up to
4.9 km, i.e. approximately the sa‘nie distance of this transect, and therefore organisms initially
in the NW Netley region would still be retained within the main a"bo,dy’ of S’oﬁ:thampton Water.
~ During the flood tide, which lasts for up to 6 hours witha 1 hour staﬁd,‘ maximum velocities
reach ~33cm s, for a period of 4hr$. -This. equates to a tidal ihcursion of 4.7 km. This
suggests that tidally, the net transport during a neap tide will be out of the estuary, at a rate of
0.48km d'. Thus a population of pelagic diatoms at NW Netley WOlﬂd take approximately 17
days to enter the Solent if this rate of 0.48 km day ! was sustained. However, in reality, this
net transport may be greatly increased under a spring tide régime where maximum ebb flows

reach >100cm s, with the flood currents approximately half this value.
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An important assumption in this investigation was that the current structure is the same at all
sites along the transect as it is at Hound navigation buoy (the site of ADCP data collection).

This was a reasonable consideration based on:the estuarine geometry, i.e. it is-narrow,

rectilinear and shallow.

The salinity values' show clearly that this is a partially-mixed estuary, although the- salinityy
structure depends greatly on the tidal stage as was emphasised by the longitudinal transects.

Westwood and Webber (1977) estimated that durlng all hour neap tlde new water entering
the estuary const1tuted 32% of the ﬂood tidal prism, Wthh reflects a 51gn1ﬁcant degree of
flushing. Usmg the river flow data supplied by the Env1ronment Agency 1987-1995 (sectlon
3.1 I 2) the fresh water fractlon was calculated as 33 5%, representmg a fresh water volume
of 1.6 x 10" m’, in Southampton water from Dockhead to the estuary mouth (based on

equation 11).

3.2.3.2 SUSPENDED PARTICULATE MATTER

The sediment -concentrations -were low during this survey, with maximum values reaching
only 5 mg I''. This was to be éxpccted, as SPM levels are reported as lowest during,a:neap,
tide, a feature shown for many estuarine systems, where the tidal mixing is greatly reduced
during .periods of low. tidal range. - For 'exampqle, ‘surveys conducted in the Forth estuary,
Scotland (Lindsay et al.- 1996), showed a relationship between SPM ,andftidal range, where
maximum SPM concentrations were 150 mg I"' during a neap tide and 300 mg 1 during a
spring tide. For the varying tidal ranges, sharp increases in SPM were observed in the Forth
estuary:due to re-suspension -which Qccurred at approximately the same current velocity for
different tidal ranges and observed heights. The re-suspension velocity mentioned is the
‘effective’  re-suspension - velocity - that is related to a detectable increase in SPM
concentrations.above the background level.. Table 6 shows. a summafy of: re~Suspénsion

velocities over a spring and neap period for the Forth Estuary:
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Tidal State Re-suspension | Max SPM - Maximum
Tidal Range Velocity m s™ mg 1! Velocity m s™

(m) |

3.0 Flood >0.60 33 0.65
Neap ; ; : 8 ;

30 Ebb >0.65 . | 47 066
Neap k o

51 | Flood ‘ >0.70 213 1.24
Spring ,

5.1 Ebb >0.80 178 1.36
Spring

Table 6. Re-suspension velocities related to a detectable increase in SPM in the Forth
Estuary, Scotland (Redrawn from Lindsay et al. 1996). A comparison to Southampton Water
is descrrbed in the text. :

On the flood tide in the Forth estuary, the re-suspension velocity described by Lindsay et al.
(1996) was approximately 0.6 m s at Scm from the bed, and was associated with a 4-70 fold
increase in SPM. During the ebb tide; ~re4suépension was evident When ‘cﬁrrent velocities
exceeded approximately 0.65 m s”. When the tidal range was ‘<‘”2.§5m, no distinct peak in
SPM was apparent, which was attributed to 'the',‘ctlrrent' velocities being of insufficient
magnitude to re-"’suspend‘se‘dim‘ents.‘f' This can be directly compared to the re-suspension
velocities in* Southampton Water, which is approximately half that of the Forth estuary. The
difference in the re-suspension velocities between the two estuaries is likely to be due to the
different sediment types. The re-suspension of sediment is discussed in further detail in

section 3.5:4.2.

The ebb-flood asymmetry apparent in Southampton Water may lead to a tidal pumping of
sediment. This suggests that the higher suspension occum'ng during the rapid currents of the
ebb tide (due to the large frictional bed shear), would cause a net flux of SPM down estuary,
with a short period of deposition during the low water period, when the current velocities
were less than 0.2 m s’ and a small percentage returning on the following flood, when current
velocities are less than those of the ebb. Net sedimentation rates for Southampton Water have
been calculated to be between 2 and 6 mm yr' (Dyer 1997). In partially-mixed estuaries, the
landward-movmg bottom flow may be sufﬁc1ent to push sedlment up-estuary, and in some
cases thls may cause the concentratron to be greater in the upper reaches causmg a drstmct
turbldlty maximum. The riverine input from three rivers into Southampton Water is also of

great srgmﬁcance for the sediment load of the estuary.
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The vertical patterns of SPM distribution were. similar along the estuarine transect, with
maximum  concentrations generally observed in the near-bottom waters. The highest
concentrations were clearly seen during the ebb phase which was closely associated to the
boundary shear generated during the ebb tide which was seen to propagate up through the
water-column. - Near surface: SPM increases were. also-measured ‘at.the Hamble jetty, which

was possibly due to mixing events at the estuary mouth. -

3.2.3. 3 PHYTOPLANKTON POPULATION DYNAMICS

The horizontal distribution of . chlorophyll a showed httle _variation durmg the transect,
suggesting an along estuary homqgenelty, wlth‘less chlorophyll a at the extremities of the
transect. Earlier investigetions along. Southampt;on" Water, of the surface phytoplankton
community (Iriarte 1992; Bryan 1979) suggested that the Iowes’; chlorophyll a concentrations
exist in less saline waters, and reached maximum‘ estuarine values 1n Southampton Water
between salinities of 29-34. The down-estuary decrease in chlorophyll g, (also observed by
Bryan (1979), Kifle (1992) aﬁd Antai ‘(1’989)) has beenyasso,ciated with a seaward increase in
the rate of exchange of estuarine and Solent water on each tidal cycle. The ﬁnding‘during this
study that alg]a.l biomass was horizontally homogenous over a tidal cycle Withih the transect
area was of fundamental importance for defining the future sampling strategy implemented in

Southampton Water.

The ‘,verticalk distribution of the ehlorOphyll a concentration at the four stations varied during
the day‘ and with the state of the tide. The iyncrease‘gjn algal ‘biomass during the day was
expected, due to in situ growth after exposure to enhanc;‘ed PAR, but the overall increase was
greater than expected (i.e. from 9 mg m” in the early hours during high water to 12 mg m” in
the late afternoon during the flood period), suggesting other factqrs may be acting to enhanee
the local biomass, such as the presence of an estuarine frontal barrier (J. Sharples pers.

comm.).

3234 PHYTOPLANKTON SPECIATION

Clearly the great Varlatlon in the vemcal dlstrlbutlon of d1fferent phytoplankton specws
detected durmg this survey was not hlghhghted dlrectly from the chlorophyll a data This
stresses the importance of intensive samplmg to determine ehanges m phytoplankton species

abundance, even in environments as dynamic as an estuary. One important feature to arise
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from this investigation was the fact that all the species examined showed a homogeneity along
the transect. Species numbers were of the same order at NW Netley and the Hamble Jetty,

with their distributions following very similar trends (Figure 3.10).

The planktonic diatom, 4. japonica is common in Southampton Water throughout the spring
and summer months and was the most abundant species found during this survey ‘in bAugust
1996. Itisa chain—fomﬁng diatom, reaching maximum cell numbers of 2.0 x 10° cells litre™'.
The vertical distribution of this species showed very little aggregation, but consistently
increased in total biomass throughout ‘the:déy.f If the observed increase in total biomass was
due to growth alone, y, (division rate)would have to be in the order of 0.49 hr', which
translates into 12 doublings per'day. This growtﬁ réte unlikely to be achievable in laboratory
cultures.  Maximum laboratory growth rates for 4. japonica are quoted as ~1.97 d" under
super-saturated nutrient conditions (Eppley and Thomas 1969). This implies that factors other
than in situ growth were causing the increase in cell numbers. | One explanation may be re-
suspension events occurring during the ebb tide, which can sweep previously settled cells into
the surface layers (surface cell numbers increased by a factor of 3 after a high shear event),
and progressively increase the number of cells throughout the day due to the continued bottom
stresses during low water and the following flood. However, the vertical distributions do not
suggest major increases in the population after increased benthic shear. This species is
planktonic, and thus \does‘nvot accumulate in the bottom waters, but relies dn turbulence to
ensure suspension, coupled witha cell Shape (spirals and long chains) and a structure (low
weight frustule) to enable a reduction in the sinking rate. Another possibility may include the
accumulation of cells down estuary, after flushing by the ebb tide. These GrgéniSms may not
have been entirely removed from the system, due to the reduced tidal excursion (neap tide)
and the probable presence of an estuarine front identified at Calshot Spit and as far up-estuary
as the Esso terminal (Sharples pers. comm.). ThlS may act as a barrier to mass transport

between the estuary and the well mixed coastal waters.

Gyrosigma sp. is predominantly a benthic; pennate diatom which is capable of a gliding
movement when on the surface of the sediment. This movement is caused by a streaming
motion of the cytoplasm along the raphe (sigmoid canals), often supplemented by the
extrusion of mucilage. It'is a common species observed in the inter-tidal areas along
Southampton Water. For example, on Hythe mud flats benthic diatoms have been found
down to the sub-littoral zone in the surface millimetres of the substrate, where water column

depth was > 4 m at high tide (Dransfeld pers. comm.). The vertical distribution of this species
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in the water column showed population maximums in the bottom samples at both NW Netley
and at the Hamble Jetty, which was expected due to the benthic history of this organism.
However, at certain stages over the survey period, Gyrosigma sp. was observed in the surface
samples, pamcularly at the Hamble Jetty The appearance of thlS benthic ‘organism at the
surface was associated with periods of strong mixing and increased bed shear suggesting that
the population became re-suspended into the main water column. The data from the Hamble
Jetty, clearly indicated a lag phase of approximately 1 hour (the following sampling interval)
between bottom re- -suspension and surface increase in cell numbers The re- suspenswn of
these benthlc diatoms from the sedlment and into the water column can cause enhanced
pnmary productlvn:y (Roman and Tenore l978) part1cularly durmg low phytoplankton
penods where self—shadmg is m1n1mal and benthlc phytoplankton communmes are able to

contribute substantlally to the overall water colunm product1v1ty

The populatxon dlstnbunon of two motlle species, P. mzcans and M rubrum showed very
81mllar Vertlcal dlstnbutlons at two statlons over a dlstance of ~ 6 km along the estuary. The
overall i increase in biomass of the two species was clearly shown during the sampling survey,
coupled with a surface accumulation in the late afternoon. This suggested that the apparent
diel vertical migration, (DVM) of the two species observed, was triggered by the increasing
irradiance measured over the survey, however other variables such as tidal phaase may have
been a governing force. “Normal” DVM of autotrophic motile phytoplankton is modelled as
ascent during daylight and descent at night (Kamykowski 1974). However, dinoflagellates in
particular, frequently exhibit variable phase relationships with daylight (Sournia 1982). In
most of the literature reviewed, dinoflagellate migrations have been observed in oceanic
environments, where vertical mixing is dominated by wind stress and tidal straining is
minimal. For estuarine systems, the highly dynamic nature of the environment presents
changes over relatively short time scales with vertical mixing dominated by the tides, and, for
Southampton Water, on a semi-diurnal cycle. Durlng this survey to define the horizontal
structure, surface aggregation of both P. micans and M. rubrum occurred throughout the
transect, with total cell concentrations of the same order at each site (Figure 3.10). It was
interesting to note the timing of these ascents, which correlate to a period after the rapid ebb
currents, and the vertical homogeneity of each species during the second stage of the flood

tide. These observations were further investigated, and are discussed in section 3.4.3.6.
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3.2.4 CONCLUSIONS

Although Southampton Water is a highly dynamic, unique environment, this along estuary
transect has shown that fundamental properties, such as salinity, SPM and chlorophyll a
distributions can follow the same horizontal patterns over the small spatial -scale of the

transect.

An important observation from this study was that although the patterns of chlorophyll a
indicate a subsurface maximum throughout the day at all stations, using this measure of algal .
biomass alone masks the distributions of individual phytoplankton species. Individual species
distributions at all the stations sampled clearly showed the vertical Variatiori of phytoplankton,
and highlighted that the populations were following similar patterns over the ’6 km transect.
The biological parameters show a close coupling with the fundamental physical ‘mixing
processes (i.e. tides) and possibly diel irradiance changes in this partially-mixed estuary,
combining to. have a controlling influence on the vertical distribution -of  different

phytoplankton species.
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3.3 SEASONAL DIFFERENCES IN THE VERTICAL DISTRIBUTION OF
PHYTOPLANKTON POPULATIONS IN SOUTHAMPTON WATER

Surveys during May and August 1995 formed the basis of Eulerian investigations to
determine the biological and physical vertical structure of Southampton Water, at one
representative station, NW Netley.. The predicted tidal cycle based on the Admiralty Tide

Tables indicates the time over which daytime studies were conducted (Figures 3.11).

3.3.1 : SAMPLING STRATEGY

Sampling wés performed within the vicinity 6f ‘:the navigation buby NW Netley (Figure 3.2)
during the spring and summer in 1995. These surveys took place during daylight hours. A
downward faéing ADCP (Narrow Band 1200kHz) was used to determine current speed and
direction ex}ery 3 minutes with a 0.5m depth resoluﬁon.k‘CTD casts, with attached fluorometer
and transmissorriéter, were made at intervals of 0.5hoﬁr. Discrete subsafnpl,es (100-200 m)
were collected from the Niskin bottles évery 05hr énd filtered through GF/F filters for
instrument calibfation, (fbr chlorophyll a’and SPM conversions). Whole water samples (150-
200ml) were collected from 3 depths at hourly intervals and preserved with Lugol’s iodine for

subsequent laboratory phytoplankton analysis.

64



Chapter Three: Southampton Water

3.11

 Tidal Height (m)

00 T e G 10012 14 16 18 20 22 24
‘ Time (GMT) '

Flgure 3. 11 Predxcted t1da1 ranges for the May and August 1995 surveys n Southampton
Water. Squares represent 8 August 1995 c1rcles represent 26 May 1995. '
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3.3.2’; RESULTS MAY 1995

3.3.2.1 PHYSICAL STRUCTURE

This initial Eulerian survey in Southampton Water was conducted during an intermediate tidal
range, three days after é reduced neap tide (range ~2.5m). The éurvey covered‘second high
water and terminated two hours after low water (Figure 3.11). Velocity data from the ADCP
(Figure 3.12a) show the times and magnitudes of tidal influence in the estuary. Current
velocities were maximum two hours after the beginning of the ebb tide (up to 0.5 m stata
depth of 4m), with early flood tide velocities of 0.2 m s''. Current velocities were reduced in
the bottom waters, wher,,e;the'maximum4reached was 0.2 m s »durin‘g'_the ‘cbb tide and a
minimum velocity during high slack water, 1 hour before the ebb tide (0-0.05m s").. This
coincides with the increased frictional forcés at the benthic boundary produéing a strong shear
(Figuyre‘3.12‘b). -Two areas of increased shear appeared during the survey. The first coincided
with the velocity increase during the ebb flow between 12:00 and 14:00 hr, reaching a peak
when tidal velocities were maximum (maximum shear ~0.06 s?). . The second bottom shear
increase occurred after the transition from the low water stand to the flood flow. This was
short-lived and lasted one hour. Near-surface water velocities did not fall below 0.2m s

throughout the survey. ..

Time series. data (between 11:00 - 16:00 GMT) for salinity (Figure 3.12¢), density and
temperature (not shown) indicated vertical and temporal variations, with salinity. the most
stable parameter over time. Salinity stratification was apparent, with ‘fresher’ (29.4) water
overlying denser, more saline water (33), which was a characteristic feature of the first survey
(section 3.2). . This stratification remained intact during the ebb tide. The higheét salinity
water ~33, occurred at the time of the first CTD. profile (~11:00) at a depth' of 8-10m,
, immediately after high slack water. The vertical temperature profiles suggested stratification,
leading to a combination of salinity and thermal stratification. The temperature range was
between 13.8 and 15.2°C, with warmer water at the surface and maximum temperatures (15.2°

C) at the start of the flood tide. Density profiles confirmed the salinity driven gradients.

The SPM concentration showed a daily range of 4-34 mg 1" (Figure 3.12d). The maximum
SPM concentration occurred at the benthic boundary corresponding to the region of maximum
shear (Figure 3.12b). The regions of increased SPM were closely linked to the times of

increased shear during the ebb and flood flow. SPM concentrations appeared as plumes into
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the water column suggesting re-suspension events which occurred during increased benthic
boundary shear. The plume during the ebb flow was marked by the transition from the
minimal current velocities of the high water stand to the rapid ebb velocities (up to 0.5 m s™).
The low water ‘plume’ corresponded to an increased current velocity, suggestmg a vertical

input of turbulent energy into the’ benthos approx1rnately 20 minutes after the maximum mid-

Water ebb velocxtles

3322 PHYTOPLANKTON DYNAMICS AND SPECIATION

The concentrauon of chlorophyll a (Flgure 3. 13a) 1ndleated a high algal blomass (conﬁrmed
e‘ by phytoplankton cell counts), due to a diatom bloom Low water represented a time when
chlorophyll a variance was maximum throughout the water column (gradlent ~2-17 mg m?),
with lowest chlorophyll a concentrations in the less saline surface waters. Microscopic
examination econﬁrmed’ that the chain formlng  diatom hazosolye,,nza delicatula was the
dominant bloom species during this survey, with maximum cell numbers reaching 4.3 x 10°
cells litre’. This species has previously been reported in Southampton ‘Water (section 3.1),

" forming blooms during May and June (Kifle and Purdie 1993; Anning 1995).

The vertical distribution of this ‘chain-fonning diatom (Figure 3.13b) suggests that maximum
concentrations “occur at a ,depth,, which coincides with the maximum chlorophyll a
concentrations. The .actual cell number’s in felatiOn to. currentlvelocity showed that the
population aggregated in the bottom waters and became entrained into the water column
during increased boundary shear as tidal velocities increased. As velocity increased at 11:00
hr and 14:00 hr, cell numbers increased in the near bottom waters suggesting a turbulent
mixing (re-suspension) of the sediment. These patterns of re-suspension were highlighted by
the SPM dtstribution (Figure 3.12d), with peak concentrations occurring during maximum

. mixing. °
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Table. 7 outlines the mean number of eells per chain of R. delicatula; values are depth

the surface

averaged. From microscopic observation it was noticed that diatom chains i

¢ bottom. Cell

SAMPLE DEPTH | NO. CELLS PER CHAIN | " n COEFFICIENT OF

o (MEAN) | ComrcTor
:“Surface 3.86 . ) -
i
- Bottom 3463 s k -

Table 7. Rhizosolenia delicatula chain lengths (number of cells per chain).

Whole water samples from a transect on 23 May 1995 provide species and chlorophyll a
information prior to the ‘bloom’ period of R. delicatula during this survey. - Surface

chlorophyll a concentratlons 3 days before the mtenswe samphng were approx1mately 1.5 mg

m?, This would suggest that chlorophyll a concentratlons mcreased from —20;mg m* in 72
_hours This is hlghly unhkely and 1t should be noted that the chlorophyll a data on 23 May

1995 was based only on surf . g
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Figure 3.12 a-d. Physical parameters measured in May 1995. a) ADCP velocity magnitude
(cm sM); b) shear (s?); c) salinity; and d) SPM (mg I"). Vertical lines represent CTD casts.
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Figure 3.13 a and b. Biological parameters measured in May 1995. a) Chlorophyll a
concentration (mg m™); b) distribution of Rhizosolenia delicatula (x 10) cells litre . Note the
aggregation of cells in the bottom layers of the water column. Samples for the phytoplankton

cell counts were collected at three depths per CTD profile.
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3.3.3 RESULTS AUGUST 1995

3.3, 3.1 PHYSICAL PARAMETERS c
The summer (August) survey m Southampton Water was conducted durrng a perrod when

t1dal range was ~4m three days before a sprrng trde Thrs survey covered the hrgh water

stand and termmated two hours after low water (Flgure 3 1 1)

Maxrmum current velocities (0 59 m s l) occurred durrng the ebb trde at'a depth of 4m, at
13 30hr Velocities durrng the ﬂood tlde reached 0.29m s ata depth of 6m, at ~16 OOhr
(Frgure 3. 14a) w1th mrmmum velocrtres occurrlng in the bottorn layers (O 36ms l) The low
water stand lasted for one hour durmg whrch current velocrtres were reduced t00-0.06 m s’

The velocrty time serres showed the varrabrhty of currents between the ebb the ﬂood and the
slack water penods During hrgh water slack, current drrectron varied vertrcally (data not
shown) and the resrdual estuarine crrculatron dommated with rrvenne flow leavrng the
estuary at the surface and an opposrng ﬂow 1nto Southampton Water at the bottom.. Current
velocrtres were low (> 18 cm s 0. Current drrectron was vertlcally hornogenous durrng the
ebb and ﬂood trdes Increased shear occurred at two times (whrch was srmllar to the profiles
presented for 25 May 1995) durrng peak ebb and ﬂood ﬂows (Frgure 3. 14b) The ebb shear
can be d1v1ded mto two phases before and after maxrmum current velocrtres suggestmg an
unrforrn Velocrty structure durrng the maxrmum ebb ﬂows An increase n the mrd-water

.column free shear occurred durrng the maximum ebb currents at ~13 45hr

Sallmty

The vertrcal sahmty gradrent for August 1995 was ~1 5 (cornpared to 4 in May 1995)
suggestmg the expected (Sectlon 3. 1) reductlon in r1ver1ne mput (Flgure 3. 14c) At the time
of the ebb ﬂow a mlxmg event was detected where surface and bottom sahnrtres were
l reduced and the vertrcal sahnrty gradrent decreased to ~0.5. ThlS was short-hved and rapidly
reformed followrng the maxrmum current velocrtres Ternperature showed very httle vertical
varratron but mcreased wrth trme durmg the survey (range =0, 5°C) and due to the timing of
the tides the maxrmum occurred dunng the low water perrods (data not shown) A direct
comparison of the vertical salinity proﬁles is shown in Frgure 3.15d and 3.15h. The halocline

is clearly shown in Figure 3.15d.
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SPM ..

On both surveys the pattcm of. SPM through the water column followed a s1m11ar trend with

bottom‘ concentratlons up 1o -

and 3 14d); ,‘ her the botto

w1th the timing of the greatest shear events durmg the ebb currents

Temperature

The vertical profiles of temperature (Flgures 3:15¢and 3.15 g) hlghhghts the seasonal variance
in temperture oy change

thermoclme is suggested by the vertical proﬁle of tem

column appeared to be vertically mixed in August 1995 (enhanced by the sahnlty profile).

3.3.3.2 PHYTOPLANKTON DYNAMICS AND SPECIAT,ION

The vertical distribution of chlorophyllﬁ,,(‘Figure 3.15a, €) showed a very different pattern to
the distribution observed in May 1995, Figures 3.15 highlight the variance in vertical

addingto’the sub-surface chlofophyll a max1mum (Figure 3.15‘e)‘.“ Although cell numbers of

Chaetoceros sp.. (Figure 3.16a) were extremely hxgh (max1mum 17,2 X 10° cells litre ') the
small size of this species suggests that it did not contrlbu greatly to the total chlorophyll a

concentration. In the surface layers, Eutreptiella marina (Flgure 3.16¢) had a maximum

o concentratxon of l 6% 105 cells htre
: itre”. The"maxxmum
' chlorophyll a found during the day was ca. 18 mg m’ ‘at ~16 OOhr in the surface layers, as the
flood tide began (data not ShOWI})r{ At thls tlmc,_ Mrubrum had mlgr@tcd.mta the. surface
waters, Eutreptiella marina was mixed vertically, and P. trochoideum accumulated at § m (at

half the previous maximum numbers). Chaetoceros sp. cell numbers had declined.
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Figure 3.14 a-d. Physical parameters measured in August 1995. a) ADCP velocity magnitude
(cm s™); b) shear (s?); ¢) Salinity; and d) SPM concentration (mg I'").
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Figure 3.15 (a-h). Vertical distributions of a+e) chlorophyll a (mg m®); b+f) SPM (mg 1');
c+g) Temperature (°C); and d-+h) Salinity. Figures a-d) data collected in May 1995; and e-h)

data collected in August 1995.
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Figure 3.16 a-d. Vertical distribution of several phytoplankton species in August 1995. a)
Chaetoceros sp; b) Peridinium trochoideum; c) Eutreptiella marina; and d) Mesodinium
rubrum. Crosses represent water sample collection for all diagrams.
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3.3.4 DISCUSSION

3,.3.4.1 TIDAL cURnENTs AND SPM CONCENTRATION

Tidal currents vary over, the lunar month between the spring and “neap tides. Pingree et al.
(1975) suggested that as current speed i increases the energy. available for mixmg increases,
which causes an increase in the level of turbulence at the boundaries. This in tumn, causes a
vertical mixing which re-suspends bottom sediments and brings nutrrentsmto the upper
layers. In an estuary ~15m deep, the largest shear in theory, occurs at the benthic boundary,
often occuring at times of 1ncreased current velocity This occurred in Southampton Water
prior to low water during the surveys in May and August 1995, In certain s1tuations however
the high shear events ‘were.not solely hnked with the most intense: current velocrties for
example the reduced flow at 8 m caused an increas in velocity shear. This was possrbly due to
the free shear effect caused by a non-umform horizontal velomty, and energy was broken
down into turbulence culmmating in an SPM plume through the water column Large
vertical variance m SPM was seen dunng low ‘water, during times of non umform ‘velocity
which caused a dynamic mstability wrthm the ‘water ‘column. SPM is presumed to be a

passwe recrpient of water motions and may act as a conservative tracer of benthic boundary

turbulence .

For Southampton Water low water representedaperiod of high SPM ’Variability.‘ As the flood
tide began, a dynamic stability occurred with SPM levels less variant during uniform current
velocity, but as surface currents increased SPM concentration was magniﬁed SPM levels
were at a minimum when currents were uniform and rapid, suggesting a smooth ﬂow over the

sedirnent.

" 3.3.4. 2 PHYTOPLANKTON DISTRIBUTION

In the open ocean envrronment the change in phytoplankton crop between one sarnphng time
and the next often depends on the balance between three processes population growth
grazmg and the smking of cells at the sampling 31te Durmg the wrnter months in temperate
coastal regions zooplankton numbers are very low and thus grazmg is. neghgible The
reduced vertical temperature gradients suggest that there is little thermal stratlﬁcation and that
the water column 1s well mixed $0 cell sinking losses Will be small The often sudden

outburst of cell numbers in the early spring has been attributed,to the phenomenon of the
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critical depth (see Introduction, section 1.7), and the later progression to dinoflagellate species
attributed to water column stability, increased daylength and lower nutrient concentration. In
an estuarine environment these fundamental conditions are not applicable; due to the highly
dynamic nature of these often continuously mixed systems. The scason’al‘ climatic processes
are a common feature for both systems, i.e. increased daylength and warmer temperatures. It
is-unlikely in an estuarine system-such as Southampton Water that nutrient levels would be
sufficiently reduced to be-a limiting factor. . Nutrie,nt concentrations have been shown to be
depleted over the summer period, but would still not be limiting (Kifle and Purdie 1992).
Although there are many: differences af,betW¢entfh¢ phérac;teristics of an open ocean and an
estuarine system, the seasonality of,,phytoplankton sucCesSion fdllows,a similar pattern: a
diatom- bloom in the spring followed by an ~i~'ncr,eas¢f i the 'dinoﬂag»ell,’atc and. motile

phytoplankton population. .

Another fprereqilisite for phytoplankton blooms has been the presence of ~water column
stratiﬁcation;-HoWever, Townsend (1992) found, in the offshore waters of the Gulf of Maine,
that a spring bloom can precede the onset of stability, and that by virtue of the light scattering
and absorption properties of these organisms, stability can occur. Thus, the formation of a
thermocline may be initiated by, rather than act as a prerequisite to, the spring bloom. These
findings have also been shown by Eilertson (1 993) in ‘th,e; Norwegian fjords where a spring
bloom began in mid March following a yearly increase in radiation, but in the absence of
stratification. Stratification in Southampton Water is often iny temporary and does not.seem
to form a: prerequisite . for phytoplankton increase, ,c:skpec’ially during the later spring and

summer months.

Algal biomass during the 1995 surveys varied in vertical distribution and intensity,
highlighting the dynamic nature of phytoplankton populations. Maximum chlorophyll a was
- observed in the lower waters at.6m, during May. The dominant species during this bloom
(chlorophyll @ >10 mg m?) was Rhizosolenia delicatula, which is also a chain-forming
diatom: The stratification of R. delicatula has been. bbs,erved:previously in the estuary (Kifle
1992, Anning .1995) and is a probable explanation for the large increase in cell numbers
during 23 May 95 - 26: May 95, where the surface survey did not detect the presence of a
bottom water bloom (section 3.3.3.2). . An interesting observation made from the microscopic
examination of the Lugol’s samples was that R. delicatula chains found in the surface layers
had a longer average chain length than those observed in the near bottom waters. = This

feature has been observed for other Rhizosolenia species (Villareal 1988, Richardson et-al
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1996), where the chain and mat-forming species have been shown to alter their buoyancy
through changes in their cytoplasmic density and through their size. Another explanation for
shorter chain length in the bottom layers may be‘d‘ue* to the disruptive effect of inhabiting a
high shear environment. - Laboratory studies (Thomas and Gibson 1990) have shown that
dinoflagellates ‘can have total cell destruction i.e. flagellar damage and :compl‘et,e removal,
under high stress and shear.  There appears to be a critical threshcld where turbulence can be
an advantage, i.e. in increased zooplankton contact rates (Peters and Gross 1994; Kierboe
1993) and encounter rates (Marrase et al. 1990), but adverse effects can cause reduced contact

and encounter and can destroy mats and chains of phytoplankton

Onepossiblé,adVantage: to a'populaticn f()rming maximum numbers in the bottom zone is the
reduced ﬂushing from the'estuary, as the mean flow at these depths will be landward. During
the May survey salinity stratiﬁcationf did exist and may have acted as a barrier to- the R
a’eltcatula populatlon from appearing in the surface waters, thus suggesting that turbulent
kinetic energy (TKE) lacked the mten51ty necessary to vertically mix the'water column. This
fact was highlighted through the salinity proﬁles showing: stratification over the survey

period.

Cell numbers increased in the bottom waters at the times of increased SPM in the water
column: When flow ,w'as‘;uniyform and rapid (dynamically stabl‘e)f cell ‘numbers:remained low,
with maximum cell numbers occurring when shear was intensified and currents non-umform
This suggests- that turbulence lifts cells from the benthos and re-suspends them into the water
column; but not above the weak thermocline that existed in May. This further ‘explains the
low chlorophyll a concentratlon recorded durmg a surface survey three days prior to these

vertical investigations.

‘ Chaetoceros sp was the most abundant species durmg the August survey. The species found
was possibly C compressus w1th a cell size range 7-26 pm. This small chain-forming diatom
showed a chlqrophyll a distribution opposite to the patterns seen in May, highlighting the
enormous variation in phytoplankton water column structure. Although many cells were
counted (maximum 14 x 10° cells litre’), it was not reflected by the chlorophyll a
concentrations-due to the small size of this species.  The distribution of the motile euglenoid,
Eutreptiella marina,fsuggested an active maintenance of position, with an upWard vertical
migration at 13:00 hr (GMT) forming a surface maximum, during maximum currents of the

ebb tide.  This surface aggregation of E. marina was also observed by Kifle (1992).
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Peridinium trochoideum also followed this pattern forming a maximum of 9 x 10° cells litre"
with a mid water column aggregation at approximately 7 m. The phototrophic ciliate,
Mesodinium rubrum, followed a similar pattern of mid-water aggregation during the rapid ebb
flow. This pattern had been observed previously for M. rub,‘ryum",,where Crewford and Purdie
(1992) determined the vertical distribution of M. rubrum durjng a red ticte event over a tidal
cycle in. Southampton Water. In their study,the population maximum of M. ru,b;ru’m was
deeper and more dispersed on the ebb than on the flood or during slack water. This behaviour
was explained using the. theory that a. dlstnbutlon govemed solely by phototactlc surface
aggregation, would result in population losses on each daytime ebb perlod (a dlstance ~Skm).

Intcontrast M. rubrum malntamed itself at thekhead of the estuary for several weeks wrthout
evidence for extensive flushing losses. These in situ observatlons were further supported by
data obtained using an airborne thematlc mapper to. determme the spatial dlstnbutxon of the
bloom (Garcia et al. 1993), ‘where surfaee chlorophyll a concentration throughout the upper
estuary was shown to signiﬁcantly reduce durmg the ebb tide. M. rubrum is an unusual
member of the phytoplankton in that it is au obligate, functional phototroph due to the
presence of an algal (cryptomenad) endosymbiont, and has been responsible for some of the
highest recorded rates of planktonic primary production (Taylor 1982). Another unusual
feature of this ciliate is its phenomenal swimming speeds (~8 mm s") (Lindholm 1985),
making it a difficult organism to isolate in the laboratory, where it has been seen to swim
away from Pasteur pipettes. Such swimming speeds enable this species to perform diurnal
migrations of ~40 m in the Peru upwelling zone (Smith and Berber, 1979). In situ
observations of ' M. rubrum have been well documented, but the similar patterns shown by

other motile organisms (euglenoids and dinoflagellates) have not been previously reported.

Phototaxis has been cited as a trigger for vertical migration (Kamykowski 1974), and as these
experiments were not conducted over a 24 hour period, PAR may be a major factor instigating
: phytopléhkton vertical migration. Theoretically, however, motile photosynthetic organisms
“should ascend in the daylight hours -and descend prior to sunset (Kamykowski 1974).
Alternative suggestions are that organisms descend the water column to collect nutrients and
then return to the surface layers to photosynthesise, but as this is an estuarine system it is
unlikely that nutrients are a limiting factor. The distributions of M. rubrum, Eutreptiella sp.
and P. trochoideum showed similar patterns in vertical migration, which can be related to the
aggregation of cells during the maximum ebb velocities, either as a passive effect due to the
entrainment properties of the rapid flow, or as an active accumulation to a more ‘suitable’

vertical position.
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3.3.5 CONCLUSIONS

The reduced riverine inputs during the summer survey, reduced the vertical salinity gradient,
causing only a very weak salinity stratification, which was~deétrOyedduring"maximum shear
events. ‘These shear ‘events correlated with the timings of SPM ‘re-ysuspen‘si’on' which were
closely coupled to the increased boundary shear caused by non-uniform velocity gradients in
the overlying water. For both the spring and summer surveys these Te-suspension events were
related to the 1ncreased velocities during the ebb flow. Opposmg chlorophyll a patterns were
clearly observed for each survey, w1th a bottom dwelhng diatom domlnatlng the spring
bloom, followed by the bio- diverse phytoplankton populatxon in summer, which was
dormnated by motlle spe01es aggregatmg 1n surface Waters Durmg the summer survey,
motlle phytoplankton exhxblted a vertical rmgratlon pattern causmg specxes to aggregate in the
surface and m1d-water column dunng the ebb tlde at 13: OOhr (GMT) To further mvestlgate

this apparent vertlcal mlgratlon longer surveys were conducted in- 1996 and 1997
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3.4 25 HOUR EULERIAN SURVEY IN SOUTHAMPTON WATER

A longer term ,investigation was implemented to determine the physical structure over two
tidal cycles, durrng penods of wmd drrven and trdal mixing. Thrs 25 hour survey had the
advantage ' of allowrng an assessment of the phytoplankton populatlon (dratoms

dlnoﬂagellates and phototrophrc crlrates) durrng both dayhght and dark hours -

3.4.1 SAMPLING STRATEGY

One station (Hound Buoy on Flgure 3. 2) was the focus of a 25 hour mtensrve momtormg
programme to determine the physrcal parameters controlhng phytoplankton vertical
distribution over two tidal cycles under lrght and dark condrtlons ‘Thls experrmental des1gn

marks the ﬁrst of its type for Southampton Water mvestlgatrons permrttmg a large suite of

parameters to be measured

Samplmg was performed over a 25 hour perrod wrthrn the vrcrmty of Hound navrgatron buoy
(Flgure 32) three days after a neap tide (trdal range ~ 3m) “This experlment took place
between 07 30 (GMT) 19 June— 08:30 (GMT) 20 June 1997. A downward facmg ADCP
(Broad Band 600kHz) was used to determine current Speed every 5 mlnutes with a 0.5m depth
resolution. CTD casts, with interfaced fluorometer and transmrssometer were profiled at
mtervals of 0.5hour. Subsamples (100-200 ml) were collected from the Niskin bottles
(surface and bottom) from | every odd numbered cast and ﬁltered through pre—werghed GF/F
filters for transmlssometer cahbratron (see calibration protocol chapter two). Water samples
(150-200 ml)»were filtered onto GF/F filters and collected from 5 depths at hourly intervals
from every even numbered cast. Whole water sub-samples were preserved with Lugol S
1od1ne for laboratory phytoplankton analysrs whilst the GF/F ﬁlters were frozen and stored
: for laboratory analysrs (chlorophyll a). The Li-COR submersible irradiance sensor ‘'was
deployed at 0. Shour intervals to monrtor downwelhng irradiance at 0.5m mtervals throughout

the water column, with the second sensor recordmg surface PAR situated above the cabin.
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3.4.2 RESULTS

3421 CTD DATA

The dlfferences between the two. t1da1 cycles were clearly mdlcated in the sahmty time series

(Figure 3 17a) over the period of the survey. The greatest Vertlcal varlatlon in sahmty was

during the second high water slack period (A ~3. 5), occu' hours between

22:00-04:00 GMT.  During the first high ‘water perrod the very strong w1nds (~20 ms"'

Meteorological Office data) may have acted to vertically mix the water column, preventing
the salinity stratification which is usually governed by the dominant estuarine currents during
slack waters. The contours of salinity (Figure 3. 18a) hlghhght the lack of stratification during
the first hlgh water penod (A 0.5). Salinity reduced rapldly durmg the ebb ﬂow begmmng
at 13:00 GMT w1th an apparent halochne at~2m above the estuary ed The salinity gradient
approached zero as the early ﬂood;‘ﬂ:’ w began at 16 30 GM " The sa mrty«structure of the

second high water continued through the ebb ﬂow Dunng t second ‘, ebb, the surface

sahmty reduced further; reaching a minimum of 30 (bottom values~34) This stratification
was destroyed during the second early flood at 05:00 GMT although thrs vertlcal mixing was
not as mtense as the early mixing on 19 June 1997. As the later flood started, the salinity
gradlent approached zero and the near complete mlxmg of the first flood stage was again

achieved. ,

The difference in the two‘tidal,cycles ‘was-clearly apparent, with the strongest stratification
occurring during the high water period of the second tidal cycle. Mixing was most intense

during the daytime high water period.

The temperature time series (Figure 3.17b) followed a similar pattern to that observed for
~ salinity,cwith the largest variance occurring over the high water and ebb of the second tidal
cycle. Temperature was uniform throughout the water column until the second high water of
the dark period (Figure 3.18b), where vertical variance was ~2.5 °C. The lowest temperature
occurred at the second low water period, where values of 15 °C were recorded, overlying
bottom values of 17.5 °C. A weak thermal stratification continued through the second flood
water until the end of the surveying period at 09:00 GMT. It was interesting to observe the
cool water overlying the bottom warmer water. The patterns of the temperature time series

suggested a strong link with salinity.
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Figures 3.17 a-d. Time Series during the 25 hour Southampton Water survey in June 1997.
3.17a) Salinity; b) Temperature (°C); c¢) SPM concentration (mg I'); d) Chlorophyll a
concentration (mg m™). All data points used.
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(mg1™"). Crosses represent data points.
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The chlorophyll a time series (Figure 3.17d) showed a strong tidal signal, with maximum
values (up to 11 mg m?) occurringbn the second high water and ebb period of the daytime

cycle: Thrs peak concentration formeda near- surface maxrmum (Flgure 3.18¢c), and began to

second hrgh wate

up to 8 mg m’d

reduced during the last high water and ebb periods" "This" vertical varianice again increased

during the latter ﬂood at 07:00 GMT (A 4 mg m 3) The near bed SPM concentratrons were

consistently larger than those measured in’ the m1d to surface waters over the samphng period
(Figures 3.17¢ and _3.1~8d). ~ Surface concentrations were always <20 mg I"'. Intermittent
increases in the near bed SPM levels were clearly apparent, particularly duringthe latter flood
period of the daytime tidal cycle. Peaks in the near bed'VCOncentration of total SPM occurred
after 02:00 hr and appeared to be separated by a perlod of two hours, shown most clearly by

the trme series data (Fig

reduced (> 4.5 m 5!, taken from thx_\ Southampton Oceanography Centr coastal monitor). A
max1mum near bottom peak of SPM (~80 mg 1‘) was measured at ~20 00 GMT durmg the
early high water of e ‘ pattern: suspe
were also highlighted throu'gh the' ADCP baekscatter signal (Figure 3.19¢c).

3.42.2 ADCP DATA

The ADCP began recording data at 10:00 GMT, due to initial instrument problems.
Maximum velocities were observed during the ebb phase of both tidal cycles, with maximum

speeds up to 70 cms "‘(Frgure 3.19a). Flood current Velocrtres were of the order of 35 cm s

with maxrmum velocrtles obs

1 depth. of 4m above the sea uring e‘slack
penods of low water hrgh water and the young ﬂood stand current velocrty reduced to <10

cm st However durmg the hrgh w ter of the second t1da1 cycle the near bed velocrtres

mcreased to ~20 cm s‘ durmg the mrddle of the hrgh water stand Whlch led to a free—shear
event (Figure 3.19 b). Thrs was associated with the estuarine current whrch dommates the
tidal influence during the extended high water slack. This estuarme current is also the driving
force behind the salinity stratification observed during-this period. Surface currents also
increased at this time (10-20 cm s). The tidal mixing mtensrty was 'maximum during the ebb

currents (2m cms’? Tmton 1997) with reduced mixing durlng the slack perxods
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Figure 3.19 a-c. ADCP derived information from the 25 hour survey in Southampton Water,

June 1997. a) current velocity (cm s™); b) shear (s?); and c) average beam intensity. Early data
are missing due to instrument failure. Tidal state is annotated.

86



Chapter Three: Southampton Water

320 1)
2100 T

1800

1500
u]

1200

Sunface PAR

| 5
900 B
= E'

600 1 3 5 _
3001% “ Eﬂgg Bo gn dz'aﬂ

U 1 L] T L} m IE T 1
10.00 13.00 16.00 19.00  22.00 01.00 03.00  06.00 09.00

Time (GMT)

Dark Period
19:00 (19/6/97) - 03:00 (20/6/97)

320b)

8 SEE
% VN\/\\
56
E
.§ 4

5]

0 T T T T T T T T T T T T

700 9.00 11.00 13.00 1500 17.00 19.00 21.00 23.00 0L00 03.00 05.00 07.00 09.00

Time (GMT)

L

0 1 5 10 50 100 150 200 300 400 500 600

PAR (uEn2s )

Figure 3.20 a and b. PAR over the period of the 25 hour survey in Southampton Water, June
1997. a) Average surface incidence irradiance (LE m™ s™); and b) PAR (UE m? s) through the
depth of the water column. Dark period is annotated, profiles every one hour.
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3.423 IRRADIANCE PAR

mldday period when maximum dally irradiance values mlght be expected (Flgure 3.20a), but
in contrast, the daytrme minimum was recorded (<200;,LE m s ‘) The maxrmum PAR values
were measured at 17: OO GMT, three hours before dusk reachmg values of 820uE m?s'. Zero
values were observed from 20:00-04: 00 GMT Hrgh values were seen early on 20 June 1997
(07:00GMT), reaching 600 uE m?s? The attenuatron of AR‘wrth =p

18 shown i in Figure
3.20b. The red filled contour depicts the bottom of the 10uE m? s isolume. Over the first
tidal cycle, the average depth of this 10uE m? s isolume was ~4m, but at 17:00 GMT the

depth increased to ~8m, corresponding to the maximum surface incident irradiance.

3424 PHYTOPLANKTON DYNA

The phytoplankton data can be separated into three main categones - benthic‘ diatoms, pelagic

d1atoms and motile organisms:

BENT: HIC DIATOMS

Two benthic diatoms were abundant during this survey, Gyroszgma sp. and Navicula sp.
(Figures 3.21a and 3.21b). These species have been regularly identified in samples collected
throughout the sampling programme in Southampton Water. Maximum cell numbers for
Gyrosigma sp. reached values of ~4.5 x 10° cells litre -, compared to ~3.0 x 10° cells litre

for Navicula sp. (Plate 3.4).

The vertical distribution of Gyrosigma sp. showed few cells in the water column during the
daytime high water period (<4.5 x 10° cells litre '), with localised population increases during
the first ebb flow from ~12:00 GMT. This population remained in the water column
throughout the low water period, and showed evidence of becoming homogeneously mixed
during the initial flood flow, this mixing was associated with a period of greater water column
shear (Tinton 1997). Over high water during the second tidal cycle, and especially following
the second low water at 05:00 hr, an increase in the numbers of this benthic diatom was

detected suspended in the mid-water column.
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Figure 3.21 a and b. Benthic phytoplankton distribution during the 25 hour survey in
Southampton Water, June 1997. a) Gyrosigma sp.; and b) Navicula sp. Cell numbers per litre,
5 water samples collected with depth every hour. Lines represent CTD profiles. Tidal state is
annotated.
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This occurred during the period of salinity stratification, which may have acted as a trap to

cells in the upper layers “The Gyroszgma sp. populatron was partlally mlxed durmg the

second ebb and durmg the ﬂo d*"‘“Dunng thrs ﬂood perrod of d t al_ cycle the

highest cell numbers of Gyroszgma Sp. were observed throughout the water column

The vertical time series- dlstnbunon of Navzcula sp. showed a similar but less mtense pattern
(Figure 3. 21b) The cells occurred in the water column during the first ebb period, although
concentrations were very low and did not propagate hlgh into the fupper:layers. During the
latter part of the flood period of the first tidal cycle, a surface increase in cells was observed,
and was particularly apparent during the first high water period of dark, high water slack
21: 00 GMT) At 00 ’00 GMT the Navzcula
(2.8 x 10° cells litre 1, |

populatron exhlblt

maximum cell numbers

k ~g¢,the low water of the second
appeared to sediment. from the water column and as the ﬂood currents "‘began the populatlon

was only detected in the near bed zone.

PELAGIC DIATOMS -
There were many pelagic diatoms identified during this survey. The organisms which
presented the highest abundance were: Chaetoceros sp.; Asterionella Japonica; Ditylum

brzghtwelll -and Bzddulphza s es 3.22 a-d). . The vertical

for all these
dlatorns exhlbrted a similar patte r A nu
The most abundant diatom was Chaetoceros sp.. reachmg cell numbers of > 10 x 10° cells
litre (Flgure 3 22a). Thrs was a very small species (ca 10um drameter) possibly
Chaetoceros compressum. This organism was mixed throughout the water column during the
early high water period, when wind mixing was intense, with a reduction 1n numbers during
the second high water at 12:00 GMT. The ebb period was also represented by a period of
homogeneity. During the first flood phase (16:00 GMT) the population exhibited a peak in

cell numbers which extended through the low water stand.” During th d,,‘ﬂood phase and

the hlgh water period the concen ration yof cells decreased although

nall patch existed in
the upper layers at ~2m at 20: 00 GMT the time of the T maximum currents durmg the latter
flood. Thls surface accumulation extended through the high water perlod and followed a
similar relative dlstrlbutlon to the benthic diatom Gyroszgma sp. The Chaetoceros sp.
population was again vertically mixed during the second ebb phase (following the trend

apparent over the first ebb), and formed a maxxmum concentration durmg the first flood phase

of the second trdal cycle.
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Figure 3.22 a-d. Pelagic diatom distribution during the 25 hour survey in Southampton Water,
June 1997. a) Chaetoceros sp.; b) Asterionella japonica; c) Ditylum brightwelli; and d)
Biddulphia sp. Cell numbers per litre.
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Asterionella japonica, followed a pattern of re-suspension similar to Chaetoceros sp., but in

addltlon showed a populatlon maxxmum dunng the ebb phases of both tldal cycles (Frgure

3.22b). The cell drstrrbutron was agam,

~Ically mrxed durmg the . ﬁrst hrgh water period
(same as Chaetoceros sp:) and exhxblted stratlﬁcatron during the dark second hrgh water.
This trend was also followed for the two other dominant pelagic diatoms, thylum brightwelli
(Figure 3 22c) and Bzddulphza sp.: (Flgure 3.224d), showmg periods of re- -suspension at the
times of ebb ﬂow low water and the followmg early flood phase. These two species, had not
been previously observed in such high numbers throughout the entire samplmg programme of

1995-1997 in Southampton Water.

3.4.2.4:1 THE MOTILE PHYTOPLANKTON COMMUNITY

During this trdal survey _a number of ‘frnotilefphytopl‘ankton‘ spedie‘s‘"f "identiﬁed

These included two dmoﬂa 1 ,peei, . ,,Prorocentrum micans,

Peridinium trochozdeum
and the phototrophlc crlrate Mesodmzum rubrum These specres have prevrously been

reported (Klﬂe l992) in water samples durmg the late spnng-summer months in Southampton

Water.

P. micans, which is one of thek'dorninant-dinoﬂagellate'si' observed in“S'outhanvlpton Water,
exhibited a surface accumulation during the first high water period under conditions of high
wind stress. This was in contrast to the diatom species which remained vertically
homogeneous throughout this period. P. micans remained above the near bed zone
throughout the ebb penod where the populatron was rmxed w1th1n the upper 8m The perrod

of low water and ﬂood phase ] __vertrcally homogeneous phytopl ank

At the onset of the flood stand (17! 30 GMT) P. micans apparently mrgrated up into the
surface layers. As dusk amved,~<4000 cells litre ' were identified in the water samples, and
remained low over the dark high:water period. Cells of P. micans were again‘ observed during
the second ebb phase, becorning'more concentrated during the early moming flood stand 20

June 1997) at 05:30 GMT.

A similar pattern was observed for the dinoflagellate P. trochoideum. Cell numbers for this
species were an order of magmtude greater than for P. micans. The vertical drstr1butron of
this specres (P trochoideum) exhrblted a surface aggregatron durmg the mrtral high water

period, -although before 10:00-GMT this species was essentially wvertically homogeneous,

becoming
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Figure 3.23 a-c. Motile phytoplankton distribution during the 25 hour survey in Southampton
Water, June 1997. a) Prorocentrum micans; b) Peridinium trochoideum; and c) Mesodinium
rubrum. Cell numbers per litre, crosses represent water samples collected.
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stratified as the wind speed reduced and a weak salinity stratification was ‘measured (Figure
3.23b). This organism followed the pattern of P. micans during the first flood stand, in which
positive vertical migration was observed. However; unlike P. micans where cells were not
detected during the dark high water period, P. trochoideum apparently exhibited a negative
vertical migration between 21:00-24:00 GMT. This population began to ascend at ~03:00
GMT (time of dawn ~03:30 GMT), corresponding to the tidal state of low water, immediately
after the second ebb flow. Surface aggregation was again apparent during the second flood

stand, with the appearance of increased vertical mixing at the onset of the latter ﬂood phase

(08 00 GMT 20 June 1997)

The phototrophrc ciliate M. rubrum was not detected during the 1n1t1a1 high water penod but
durmg the ebb flow the populatlon presented a maximum populatlon (<3x 105 cells litre n,
whrch appeared vertlcally homogeneous at this time. Durmg the hrgh water penod this
spec1es unlike the dlnoﬂagellate P trochozdeum showed an apparent posmve vertrcal
mlgratlon re- formmg the populatron in the upper layers of the water column (ie. above 6 m).
" The second ebb phase reduced cell numbers to <6 x 10° cells litre - however wrth the onset of
the ﬂood stand M. rubrum showed an apparent posrtrve vertlcal mlgratron formmg a
subsurface maximum, and becomlng more mlxed dunng the latter ﬂood phase at 08: 00 GMT

(20 June 1997)

In general, maximum cell numbers for most species were obeerved ‘approximatel“y the period
of ebb flow. This was clearly shown by the vertical time series for ychIOrophyll a (Figure
3.23d), with maximum concentrations in the upper water column. In terms of the contribution
of each species to the cumulative chlorophyll @ concentration, larger organisms such as:
Biddulphia sp., Ditylum brightwelli, Mesodinium rubrum and Gyrosigma sp. would represent
a larger percentage of the total than specres such as Chaetoceros sp. for example " Table 8

shows the cell Volume for each orgamsm

G);rosigma Navicula Ch’aetocer’osk k A D. T Biddidplria P T P.’ M.
s sp. ’ sp ‘japonical brightwelli sp: micans | trochoidewr]  rubrum
Cell e , r : , '
Vol. | 4189 2133 1795 25501 27245 | 2806861 11781 2927 14137

Table 8. List of cell volumes (jtm?). Taken from Harbour 1988- cell volume program.
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Biddulphia sp. has the largest cell volume by an order of magnitude, with the second largest
D. brightwelli. Comparing the patterns of chlorophyll a distribution and the individual diatom
species cell numbers showed a close association, however without species identification and

enumeration data the apparent behavioural patterns would have remained undetected.

3.4.3 DISCUSSION

3.4.3.1 CTD DATA

It is competition between the various. stratifying and mixing influences whlch determines the
character of stratification within an estuary: (Nunes Vaz et al 1989) The most findamental of
estuarine characteristics:.is ;“the longitudinal - density  (salinity) gr,adlen,t w;hlch . drives a
circulatiqnin the lebngi;tudinal—vertieal plane (estuarine circulation). The strength of this
residual force is ,not;’speeiﬁed by ?the,magnitude of this: density current, but itis governed by
the intensity of the ambient ‘turbulence.‘ -In highly turbulent :conditions ~which exist in
Southampton Water during times of high current shear (i.e. ebb and latter ﬂood phases), much
of the energy allocated to- residual circulation is diffused- vertically. - This slows down the
circulation by orders: of magnitude when compared to the calm sxtuatlon. . The role .of
turbulence has,v,to 'some extent, been resolved. through laboratory inveetigaﬁons (Ippen-and
Harleman, 1961; Harleman and Ippen 1967). These earlier experiments identified that in an
uniform density ﬂuid, the horizontal diffusive mass flux increased with increasing tidal range
(i.e. higher TKE). When a salinity gradient was "int:od’uced, the flux decreased with
increasing turbulence. In all the eXperimentS condﬁcted, the horizontal flux of a passi\?e

contaminant was appreciably larger in trials with a buoyancy force than in those without.

The principal causes of mixing in the_ coastal environment relate to the meehanical stirring
effects of tidal stress on the benthos and wind stress. at;the:suﬁrface. Theability of boundary-
generated  turbulence to mix the interior of a Verticel fluid column _depends en: (a) the
diffusion of turbulence into the region of stratification; (b) the efﬁ‘cier“my of conversion of

kinetic energy in the turbulence to potential energy (Nunes Vaz et al. 1989).

The decay of turbulence after the source is removed, and the gravitational overturning of a
vertically mixed, horizontally stratified fluid, both suggest that stratification can be expected
to develop within a period of 10 minutes (Nunes Vaz ef al. '1989). Southampton Water

consistently exhibits a high water slack of the order of 2.5 hours, twice daily, during which

95



Chapter Three: Southampton Water

time tidal forcings are minimal. During this time the residual circulation becomes the main
source of kinetic energy through the water column, which often emerges as.a period of
salinity ‘stratification, as shown by the second tidal cycle surveyed. The first tidal cycle
allowed the opportunity to determine the efﬁciency of wind mixing on this shallow partially-

mixed estuary. -

3432 WIND DRIVENMIXING

Wind stress is often regarded as: the major cause of the eddyv flux.of momenturn ‘across the air-
water 1nterface in coastal plam estuanes (Prltchard 1956) The vertlcal proﬁle of wmd
mduced ﬂow is usually parabohc in form with surface and upper layer ﬂow in the d1rect1on of
the wind, lower layer in the opposrte direction and no ﬂow at the bottom. Southampton Water
1S a relatlvely shallow estuary (~15m dredged depth) and clearly became Vertlcally mixed
(sahmty A~ zero) dunng the hlgh wmds (~20 ms D encountered durlng the ﬁrst hlgh water of
the initial t1dal cycle. Dunng the second hlgh water (12 00 GMT) the res1dual estuarme
circulation began to domlnate over-riding the wind-driven mixing. The potentlal energy
anomaly () remained relatlvely low‘durmg the ﬁrstkhlgh‘water (1- 5‘ Im?), reachlng20 Jm?
throughout the second high water, Where the kts‘tyrongest residual ‘circulation is often observed.
The potential energy anomaly (¢) is defined as the amount of work required per unit volume

to bring about complete vertical mixing.

1 A A 1 :
= [ (o-p gz p=y [z S

where p (2) is the density profile over the water column of depth h (after Simpson ef al. 1990).

- The ¢ of the high waters of the daytime cycle can be compared to ¢ during the high water of
the second tidal cycle which ranged between 2-20 J m?, suggesting a greater TKE demand to “
mix the water column (Tinton 1997). The halocline of weak stratification measured on the
second high water was apparent ata depth of ~8.5m, suggesting that the wind-driven vertical
mlxmg d1d not propagate through the whole water column at this time, allowmg the tidal

strammg to act at a pomt removed from the source of turbulence
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3.4.3.3 ESTUARINE CIRCULATION

Sigm'ﬁcant salinity stratification developed during the second high water of the dark tidal
cycle. The drfference in the potentlal energy anomaly between the two high waters was ~15J
m*, which emphasrsed the intensity of the wind stress energy of the 1n1t1al high water perrod

Maxrmum current velocities were recorded durrng the ebb phases, and minimum velocities
during the slack periods, as was expected: Although wind stress was an 1mp0rtant source of
turbulence durmg the early hours of the survey, current‘velocrtres did not“'app"ea’r‘ to be
mﬂuenced (<10 cm sV). Durrng thrs tlme velocrtles were uniform throughout the water
column, The hrgh water perrod of the second tldal cycle clearly showed a non- unrform
current structure, with accelerated ﬂows in the near-surface and near-bed zones. This
occurred under conditions of"littlewi’ndﬂstress, allowing the estuarine circulation to dominate.
Surface currents were strongest during the ebb flow where a combination of the residual
outﬂow" coupled with the ebb tide acted to'acc‘ele'rat’e the currents. "In‘ contrast, the vertical
velocrty structure durrng the flood phases hrghhghts the zone of max1mum currents n the
middle of the water column In this case the i 1ncommg flood tide acted agamst the residual
surface outflow and thus decelerated the current. The flood stand penods also hrghhghted this
conflict between the tidal forces and the residual ﬂow with surface velocrtres reduced by a

factor of 2 compared to the i 1ncom1ng bottom waters.

Residual currents (based on a simple advectlon equatron) were calculated durlng the high

water perrod 20 June l997 (Tmton 1997) Surface and bottom currents are shown i in Table 9.

SURFACE (O-4M) VELOCITIES BOTTOM (4-11M)
' Semsty g ‘VELOCITIES
. , (cmsh)
15" HIGH WATER ' -20 10
2'® HIGH WATER . 2300 Y T ey

Table 9. Residual current values taken from Tinton ( 1997) “Average velocities are presented.
Negatives represent flow out of the estuary.

The depth of 4m represented the location of the current reversal, with the excursion of the
surface water overlying the more saline incursion. Clearly, this residual flow has further
rmphcatrons on mass. transport, not only of partrculate matter and pollutants, but on the

biological commumty
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The vertical time series of temperature highlighted the more stable conditions observed during
the high water period of the second tidal cycle. It was unusual to note the. cooler, fresher
water overlying the warmer, saline lower layer, although this emphasises the importance of

the stablhsmg salinity driven gradlent actmg durmg this perlod The vertical temperature

gradient, however was small (A 1°C).

The strong tidal signature of the chlorophyll a distributioh was clear, particularly from the
time series: data (Figure 3.17d). This correlation has also been observed “in_SouthamptOn
Water through the SouthernlNum'ent Study (SONUS). Using a moéréd,,data collection buoy
(stationed at the Hamble Jetty) continuous measurements of temperéture salinity, oxygen,
fluorescence, transmission and nitrate were collected at fifteen minute mtervals throughout a
period of 100 days beginning 5 April 1996 (Wright et al. 1997). The spring-neap signature
was clearly apparent over the time period, but shorter term trends were also highlighted.
Chlorophyll a concentrations were shown :,to_peak‘twice,dail'y immediatcly,before low water
during a spring tide (tidal range ~4m). Little variation in the chlorophyll a concentrations
were observed ow}er the two tidal cycles (i.e. day and night) which ;‘sugges‘tce,d,,,that the
phytoplankton governing these peaks were re-suspended phytobent,hps.f - Harmonic analysis
was performed on these data which reyealéd afsigniﬁcant harm‘omc i,n‘t‘he chlorophyll a data
a,f a period of a day, regardless of a spring or neap tide. The periods ,;o’f;the semi-diumal M,
and S, tides. were also ‘clrear at a period of 0.5 days - goveming the chlo'rbp;hyll a 'p‘eak‘ every 12
hours. . A small harmonic at 0.25 day was also observed. This is a period ass;ociéted;with
shallow water tides, suggesting re-suspension four times daily due to the greater shear during
the flood and ebb phases. These data are comparable to the 25 hour time series signal
obtamed from the chlorophyll a information (Fi igure 3.17d), which clearly showed two daily

peaks:in algal biomass.

. The phytoplankton species enumeration data allowed the nature of the controlling factors
governing the chlorophyll @ dynamics during a tidal cycle to be investigated; and to assess the

importance of re-suspension events and active vertical migration (section 3.4.3.6). -

3.4‘3.4 SPM FLUX

SPM is suspended in the water column in response to high e/nergy in the near-bed zone (as
described in section 3.2.3.3). However, the times of the large plumes of SPM propagating

into the water column are not always associated with the times of maximum currents (when
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shear is greatest, Figure 3.19b). This was the case for the plume observed at 20:30 GMT,
during the first high water of the second tidal cycle. This peak reached SPM concentrations of
>80 mg 1", and was associated with the slowing down of the flood currents immediately
before high water. This may have been due to a hysteresis effect, which has been noted for
other estuaries (Schubel and Carter, 1984). The plume of SPM was short-lived, due to the
dissipation of energy at the bed. The time series plot of SPM (Figure 3.17c) shows this peak
clearly, followed by smaller peaks separated by approximately two hour intervals. These
appear to be associated with the subsequent ebb, early flood and latter flood (possibly
associated with the tidal harmonic at 0.25 day). It was unusual to note the lack of re-
suspension during the first tidal cycle. This may have been caused by a suppression of bed-
generated shear due to the wind stress, caused by the theoretical profile of wind induced flow

(i.e. no bottom current).

Transport variations occur over a spring-neap cycle, with a reduction during the neap tides
due to a decrease in velocity where the more stable water column becomes favourable for
deposition (Proenca 1994). Net transport over different tidal states was calculated using the
SPM concentration and the current velocity in the water column at given points in time and
space (refer to Table 10 and Tablel5). The ADCP data for this survey did not collect the
direction component correctly, therefore velocity was only accurate as a magnitude
measurement. Thus, transport fluxes can only be estimated during the ebb and flood periods,

when direction was assumed uniform (for example, in the order of 400 kg m™', Tinton 1997).

3.4.3.5 PHOTOSYNTHETIC AVAILABLE RADIATION (PAR)

The low concentrations of SPM in the surface layers during the 25 hour survey, suggest that
downwelling irradiance should not be influenced significantly by particle scattering. Indeed,
the 10 pE m? s isolume extended through the water column, reaching a depth of ~8m at
17:00 GMT. In this instance, PAR in the water column was less influenced by the SPM
levels, than by the surface incidence irradiance which was very low throughout the daytime
tidal cycle. The vertical time series of PAR with depth shows clearly that sufficient irradiance
(~10pE m™ s™) to sustain net primary production was reaching depths of ~4.5m. This fact has
major implications for the phytoplankton community, particularly those groups which rely on

physical processes to enter the photic zone.
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3.4.3.6 PHYTOPLANKTON COMMUNITY

The vertical time series of the benthic diatom Gyrosigma sp. was closely associated with the
current shear. The importance of intermittent re-suspension of the phytobenthos has been a
major focus of numerous investigations (e.g. Shaffer and Sullivan,‘ 1988) and is described in
further detail in section 3.2 of this thesis. “The tidal signature is clearly indiéated from the
distribution of Gyrosigma sp., with the patterns of re-Su'spe‘hsiOn repeated during the second
tidal cycle. However, this pattern was not so obvious for the second benthic diatom, Navicula
sp. A major re-suspension event for this organism was not associated with an increase in
boundary shear;, but coincided with the increase in éurfents at the mid-point of thé high water
slack, a time associated with an accelerated residual current. The re—suspensmn at 03:00
GMT w was, however, associated with the increased benthlc shear of the second ebb phase. The
timing of these re-suspension events is of great importance, particularly in a water column

where PAR levels may be limiting algal growth.

The period of re-suspension for Gyrosigma sp. occurred during: the highest surface PAR
values recorded for the survey (i.e.‘ between 15:00 - 18:00 GMT). ‘The populétion reached:cell
numbers >1.8 x 10 per litre at a depth of 3-6m, during the time of :'increase’d water column
PAR. Navicula sp., in contrast, entered the water column during the dark‘period,'~~ and thus did
not receive the benefit of an intermittent increa‘sefin‘ PAR. An important feature to note
Concéming this behaviour is that the timing of re-suspension will usually be coupled with an
increase in total SPM, which will in turn decrease the PAR. However, folldwing re-
suspension events, Gyrosigma sp. occurs in the water 'colurrin for a period of ~2 hours, which

is in contrast to the short-lived SPM plumes which re-settle on a scale of 0.5hr.

The periods of re-suspension for the pelagic diatoms was closely coupled with the increased
benthic shear. Patterns for all four species (Chaetoceros sp.:, A. japonica, D. brightwelli and
Biddulphia sp.) were very similar and all four species were mixed into the surface layers of
the water column. These microalgae will achieve no benefit from the re-suspension event
during the dark period, in terms of irradiance, but will be guaranteed at least one daytime

stirring event, as Southampton Water is governed by semi-diurnal tides.

The motile species have the advantage of potentially controlling their vertical position through
migration. * The mechanisms triggering these migrations are a subject of much controversy
(section 1.6). ~ The vertical time series of the dominant motile dinoflagellates exhibited

contrasting profiles to that of the diatom community. P. micans aggregated in the surface
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waters during the first high waters and became entrained (or migrated) to the lower layers
after the period of high shear during the first ebb phase. Throughout the dark period, this
species was not found in the water samples, but re- appeared at dawn (~03 30 GMT) and
moved up into the surface waters dunng the second ﬂood stand There appears to bea strong
association with 1rradlance which acts to control the vertical posmon of this dmoﬂagellate
however this is dependent on the physwal forcings, i.e. migration was only achlevable during

periods of low turbulence.

The vertical distribution of P. trochoideum, initial’ly showed a similar pattern to that of P.
mzcans however its’ distribution durmg the dark penod was very d1fferent Downward‘
" migration was observed during the second ‘high water between the dark hours of 21: 00- 23:00
GMT. These negative migrations have been observed for many dinoflagellate species, with
the “normal™ autOtrophlc dinoﬂag'ellate diel vertical migration modelled as ascent during
daylight and descent at night (Kamykowski  1974; See section '3."2;3.'4).’ - For light
responsiveness, however, no single type of dinoflagellate sensory structure has been found. In
general, the location of the light-sensitive area for phototaxis is on the ventral side, beneath:
the sulcus near the base of the long1tud1na1 ﬂagellum Different species respond to different
light wavelengths but blue (450-475 nm) sensitivity is most frequently observed P mzcans
for example, responds to 570 nmf(Kamykowskr 1995). Only total PAR rneasurementswere

determined for Southampton Water estuary.

The strong diel migration observed in P. frochoideum has also been observed for
Gymnodinium pseudopalustre in Chesapeake Bay (Tyler and Heinbokel 1985). This
population was observed to migrate downwards just before sunset and remained within the
lower few metres of the water column until‘su’xm'se These migrations were shown to persist
despite tidal changes and were coupled with PAR. Zooplankton grazmg pressure was also
suggested to be a probable factor in deﬁnmg the distribution pattern of G. pseudopalustre

Zooplankton sampling was also conducted during the 25 hour survey in Southampton Water,
and su‘ggested a positive vertical“rnigration of species during the dark period of high water,

which may have exerted an added pressure on phytoplankton species to negatively migrate

[

(pers comm. Kostopoulou).

The fact that species migrate to the lower layers in the water column has further implications
for mass transport of the population. Not only do these organisms gain the benefits of

increased PAR during the daytime high water (dinoflagellates have a higher requirement for
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PAR than diatoms, Holligan 1987), but also can selectively retain the population within the
estuary. This has been suggested for other dinoﬂagelylate species, where the migratory
patterns ensure ‘longer residence times ‘than those calculated based on ,a'dvective processes
alone (Anderson and Stolzenbach 1985). The population’s migration pattern for P.

trochoideum in this study would suggest that through negatrve mlgratlon durmg the dark hrghi
water penod orgamsms would be carried landward by the bottom residual current During
this period the ‘population could potentlally travel 1.08 km up-estuary durmg the dark high
water period, where the populatron remained at the near—bed zone until ~03: OO GMT (dawn).

This was also the penod of 1ncreased benthic shear which was associated with the second ebb
phase. The populatlon was vertlcally homogeneous dunng the ebb flow, and as water column

turbulence reduced it began to form a near-surface aggregatlon durmg the flood flow.

The phototrophic ciliate, M. rubrum, has been the subject of many intensive behavioural
studies not only in Southampton Water (Crawford and Purdie 1992) ‘but also for many other.
locatrons such as the Baltic (Crawford and Lindholm 1997). This orgamsm has been reported\
to cause recurrent red tides durmg the late 1980’s in Southampton Water (sectlon 3.1 1’)‘ and
has been observed to: mlgrate during times of rapld surface currents in Southampton Water
(Crawford and Purdie 1992). It has been postulated that mechamsrns other than 1rradrance
trigger these extensive mlgratlons, ‘Water column stablity has beenjsuggested to'bea :
prerequisite for the exceptional blooming of this species. This was observed in August 1998,
when a red tide of M. rubrum established in Southampton Water after a period of nbove

average freshwater influence (Purdie pers. comm.).

“The vertical profiles depicted by the 25 hour study, suggested that during periods of high
mixing (i.e. ebb flow and ﬂood phase), the population was well-mixed vertically, and during
the stability of the dark high water period, M. rubrum behaves in an opposite manner to that
seen in P. trochoideum, for example. M. rubrum positively migrated during the dark high
water slack, an observation that links in with the original theory of Crawford and Purdie
(1992). This species is not heavily grazed by zooplankton (a reason suggested for the
exceptional blooms witnessed during the late 1980°s), so would not suffer large population
losses throughout the period of positive zooplankton migration. However, this has further
implications for the advective losses of the population, as the net transport would be out of the
estuary. This rnay explain the ciose association with the red water times and the spring-neap
tidal cycle described in section 3.1.1, suggesting that as the tidal prism increases, population

losses are incurred. Species such as M. rubrum, although able to achieve exceptional
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concentrations (e.g. 2.2 x 10° cells m?, Crawford 1989), may be short-lived (1.e. fortnightly)
except under conditions of reduced tidal ﬂushlng Spe01es such as P. ‘trochoideum, may not

reach these intense cell numbers ‘but will be present in the estuary overa longer timescale.

3.44 CONCLUSIONS

The presence of wind¥driven stress was able to overcome the usually' dominant residual
circulation apparent durrng the high water slack perrod ThlS prevented sahmty stratrﬁcatlon
mamfestmg ina vertlcally homogeneous water column This wind-stress was able to restnct
the bottom generated shear responsrble for the re- suspensmn of sedlrnent and phytobenthos
The residual cn‘culatlon was estabhshed dunng the high waters of the second t1dal cycle,
: Where w1nd stress was reduced to a m1mmum “The patterns of re- suspensron apparent for the
benthlc dlatoms partrcularly Gyroszgma sp., suggest further beneﬁts from the 1ncreased PAR
higher in the water column Re- suspensron of the pelagrc dlatom commumty followed the
same pattern for four dominant species, and was associated with the periods of increased
benthic shear. The motile phytoplankton community er(hibited apparent vertical migration
(both posxtlve and negatlve) and for two dinoflagellate species, there was a strong link with
the prevailing 1rrad1ance ﬁeld The phototrophlc ciliate, M. rubrum, also exhrblted vemcal
rnlgratlon but in a contrastmg pattern to the d1noﬂagellate commumty, w1th posrtlve ,
mrgratlon occurring durmg the stablhty of the dark hlgh water stand Vertical m1x1ng of the

M. rubrum population was apparent dunng tlmes of 1ntense turbulence (ebband ﬂood),

103



Chapter Three: Southampton Water

3.5 SPRING-NEAP TIDAL CYCLE: PHYSICAL CONSTRAINTS ON
PHYTOPLANKTON GROWTH AND DISTRIBUTION.

3. 5 1 INTRODUCTION

Based on the strong lmk between the trmmg and mtensrty of phytoplankton blooms in
Southampton Water and the spring-neap cycle surveys were desrgned to mvestlgate the tidal
constraints-on- phytoplankton specres The variability of SPM durmg a spnng—neap perrod and -
the consequences on depth averaged PAR were also mvestrgated Four days were chosen to .
cover 2 spring and. neap perrod to determine the longer term effect of the tldes on physrcal 1
‘ :" and blologrcal parameters The actual survey days were (Frgure 3 24) 8 August 1996 (neap
k trde trdal range 1. Sm) 15 August 1996 (reduced spring trde trdal range 2. 8m) 22 August :

1996 (mean tidal range 2.5m); 30 August 1996 (extreme spring tide; tidal range 4.7m). All

surveys were performed at the nav1gat10n buoy Netley in Southampton Water during dayhght ‘

hours

3.5.2 SAMPLING STRATEGY

Two 12 hour surveys ‘were. accomphshed (8 and 30 August 1996) Wrth two intermediary
every 0.5 hour with. water. samples collected at 5 depths each hour ADCP -data were
collected on.§ August and 30 August 1996, with NBA current meter data from the 15 and 22
August 1996, deployed every 0.5 hr, with current velocrty~and,d1rect10nrecorded at 0.5-m

resolution.
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3.5.3 REsuLTS

3.5.3.1 CURRENT VELOCITY

Mean current velocities for each survey are shown below in Table 10, clearly highlighting the

semidiurnal variability in currents, and the spring-neap forcing.

TIDAL HIGH [EBB | Low FLOOD FLOOD
" RANGE WATER | | WATER STAND -
8®AUGUST | 1.8 1 - 0.08 0.45 ~0.10 1009 | 025
1996 | (NEAP) : : N .
15" AUGUST | 2.8 0.14  [0.65 - 0.18 T 0.55
1996 (SPRING) 5t : : CrRa b
22" AUGUST 25 - 0.75 0.30 035 | 0.60
1996 MeAN) | o ' . ~
30™ AUGUST 4.7 015 - [08S 0.20 015 0.50
1996 (SPRING) | S

Table 10. Mean currents velocities (m s™) over a spring-neap cycle at varying tidél States.

Figures 3.25 clearly show the dominant residual circulation during"hig‘h' water, especially
noticeable during the spring tide (Figure 3.25d,). These plots describe graphically the velocity
profiles over a spring-neap period. Each survey was further divided into four tidal states: high
water (;), ebb flow ,, flood stand (, -and the latter flood tide @- Comparisons dirécﬂy bétween
the extreme cases of the nea‘p‘ and the spring, showed cle‘arl‘y the rapid ebb velocities of the
spring tide which douBle the ebb currents measured during the neap (Table 10). The flood
currents of the spring tide were also double the flood currents of the rieap. The intermediary
days (15 and 22 August 1996) showed expected current velocities between the range of the
sprmg and the neap The data collected on the mterrnechary days 1ncluded near—surface and
near-bed current velocmes in contrast to the neap and spring survey days when data were
collected using an ADCP (data from the surface and bottom 1.5m were lost due to side-

lobing).
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324

Tidal Height (m)

—a—8-Aug96 ...g .. 15-Aug-96 ..o .. 22-Aug96 __o _ 30-Aug-96

Figure 3.24. Predicted tidal height for the days during the spring-neap tidal survey 1996.
Definition of marker styles: solid triangles = 8 Aug 96; solid squares = 15 Aug 96; hollow
squares =22 Aug 96; and solid circles = 30 Aug 96. Solid lines represent 13 hour surveys.
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‘Figure 3.25. Maximum current velocities during varying tidal states. a) neap tide; b) reduced
spring tide; ¢) mid-tidal range; and d) spring tide. Figures 1-4 represent 1 h1gh water; 2) ebb
phase 3) flood stand; and 4) latter flood phase. ‘All velocities inm s’ ~
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3.5.3.2 CTD DaTa

The greatest vertical salinil

: € Spr ng“tlde n he bottom
layers during high water, which coincided with the' time of 'the'(ficrr:linant residual estuarine
circulation. Mixing events were clearly marked during the 'sprinvg tide at times of maximum
current velocities in the ebb and flood phases There was 11ttle surface sahmty stratification
rm the hlgh water

igure '3‘26c) 1996,

.durmg the neap tide (Flgure 3 26a) ‘when the

kM1x1‘ng dunng the
h ugh the patterns of

mcreased turbulence dunng transmonal pemods were snmlar

3.5.3.3  SPM AND IRRADIANCE

clearly evident

(up to 70 mg 1) and

;thesej{d‘i'fferences in

1nten51ty 0’ ra tlme penod of “‘14 days and also emphas1ses the with

day variability.
TIDAL HIGH EBB Low FLOOD FLOOD
RANGE WATER WATER STAND
s (M) ‘ ‘
8 1.8
1996 | L
p.
1996 |
22 25
AUGUST
1996
30 4.7 150 55.0
AUGUST
1996

Table 11. Mean SPM concentratlons (mg l‘) over a sprlng-neap cycle at varying tidal states
Mean Values calculated durmg each tldal penod
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Figure 3.26 a-d. Salinity time series over the spring-neap cycle investigated in August 1996,
Southampton Water. a) neap tide; b) reduced spring tide; c) mean tide level; and d) extreme

spring tide. Crosses represent CTD casts. Tidal state is annotated.
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Figure 3.27 a-d. SPM (mg 1) time series over the spring-neap cycle investigated in August
1996, Southampton Water. a) neap tide; b) reduced spring tide; c) mean tide level; and d)
extreme spring tide.
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During the spring tide, where tidal energy was at a maximum, SPM values were an order of
magnitude hrgher than during a neap tide. Dally maxrmum SPM concentrations follow the
pattems observed durmg the earher prehmmary studles w1th plumes of sedlment entrained
into the water column at trmes of 1ncreased TKE The trend 1s famlhar, :w1th the 1ntensrty
clearly reﬂectmg the i 1ncrease in energy resultmg from the dlfferent trdal prrsrns (>l x 10°m

during the spring tide compared with 3.6 x 10°m? during the neaps) 1t should be noted
| however, that during the survey period from ‘May 1996 to June 1997, dredging activity
occurred throughoutSouthampton Water to deepen the central shipping channel Thrs was
partrcularly 1nﬂuent1al on. 30 August 1996, where samphng was conducted close to the

dredgmg

The hlgh SPM levels encountered durlng the sprlng t1de survey had rmportant consequences
on irradiance attenuatlon The varrab1hty in PAR attenuance is clearly mdxcated in Table 12,
which reﬂected the. reduced photic layer durmg a spring tlde Frgures 3.28 show the vertical
PAR profiles determined for each survey. PAR was seen to mcrease at depth over the day on
15 August 1996.  This was a consequence of higher surface incidence rrradrance in

combmatlon with the hlgh water stand which may have allowed surface SPM 1evels to reduce

through sedrmenta 1s 1s 1n contrast w1th the vertrcal pattern  se ‘ “théf‘spring

tlde when the hlgh concentratron of SPM 1n the water column may ’ave greatly reduced the
photrc layer (shown clearly for 30 August 1996) Surface 1rrad1ance on 30 August 1996 was
less than half the PAR dunng the other surveys. This 1s;reﬂected in the mean water column
irradiance (37.3 pEm? s'), which represents 0.08% of the surface incidence PAR. - The
greatest percentage of PAR to penetrate the water column was during the neap tide, (0.2% of

the surface incidence).

e

8 AUGUST 15 AUGUST | 22 AUGUST | 30 AUGUST
1996 1996 1996 1996
MEAN SURFACE 935.7 900.4 1140.4 477.0
IRRADIANCE : ‘
MEAN WATER 160.3 98.6 91.5 373
COLUMN ~ ~ s
IRRADIANCE

Table 12. Avera'ge?PAR (LEm?s?) over a spring-neap tidal cycle .
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Figure 3.28 a-d. PAR (UE m™ s™) time series over a spring-neap tidal cycle in Southampton
Water, August 1996. a) neap tide; b) reduced spring tide; ¢) mean tide level; and d) extreme
spring tide. The base of the 1uE m™ s isolume represents the lower limit of the photic zone
(Raven 1986). Profiles were taken every 0.5 hr, at 0.5m depth intervals.
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Figure 3.29 a-d. Chlorophyll a (mg m™) time series over the spring-neap tidal cycle survey in
Southampton Water, August 1996. a) neap tide; b) reduced spring tide; c) mean tide level; and
d) extreme spring tide.
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3. 5 3.4 | PHYTOPLANKTON DYNAMICS

Maximum chlorophyll a concentrations were estabhshed dunng the neap tide on 8 August
1996, with values reaching 12 ; mg m (Frgure 3.29). The chlorophyll a dlstnbutlon durmg the
12 hour survey indicated that chlorophyll a was vertxcally well mixed throughout most of the
day, with maximum concentratlons achieved durmg the ﬂood and early hlgh water at 16:00 hr
above 6 m depth The peak chlorophyll a concentratrons during the 15 and 22 August 1996
reached values. of 5 and 7 mg m respectlvely On both days the vertlcal distribution of
chlorophyll a showed a m1d water aggregatlon with hlghest concentratrons formlng at a depth
of ~4-6 m. During the spring tlde chlorophyll a values were reduced to a maxrmum value of

~4 mg m>. The max1mum concentratlon was measured in the near surface dunng the hrgh

water stand

The most common phytoplankton spec1es occumng durmg the neap t1de was the cham
formmg diatom Asterzonella Japonica (Figure 3. 30a) Wlth max1rnum cell numbers of 1 7 xlO6
litre!. This populatron became concentrated durmg the latter ﬂood tlde pnor to hlgh water at
16: OOhr which coincided w1th the time of maximum chlorophyll a concentrations.
Dmoﬂagellate species were also abundant, and included the dominant specres Prorocentrum
micans (Figure 3. 30b) and Peridinium trochoideum (Frgure 3. 30c) dunng the young flood
stand. These spec1es appeared to positively migrate durmg the slack waters and formed sub-
surface aggregations during the latter flood tide and the early high water. The autotrophlc
ciliate Mesodinium rubrum (maximum cell numbers 1 x 10° litre') became a common
organism in the surface samples after the low water period at 11:00hr (Figure 3.30d), and

remained in the surface layers until the end of the survey.

During the extreme spring tide, chlorophyll a concentrations were greatly reduced,,which was
clearly reflected in the phytoplankton cell counts, with most populations in decline from the 8
August 1996. One organisrn,‘ however, that increased in cell ‘numhers was_the dinoflagellate
P. micans. In the period between these surveys (21 days), the population had doubled
reaching maximum numbers of 9.5 x 10* litre™ (% integrated population 'shown in Figure
3.32a). The vertical distribution of this dinoﬂagellate and P. trochoidgum were Similar to that
observed during the neap tide, with populations aggregating in the near-surface waters from
the flood stand and into the high water. Diatoms such as 4. japonica, which was the most
abundant species during the neap tlde, was not identified from the water samples during the

spring tide. Coscinodiscus sp. was present, again in lower numbers than during the neap tide,
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but showed very similar vertical patterns, which closely followed the physical properties of
velocity shear at the benthic boundary, where the population became re-suspended into the

Water column Many specles were present durlng tlns day -as. 1t was during the neap tide

survey.

Benthic diatoms were also “identiﬁed‘during the neap andsprmgsurveys Spec1es such as
Nitzschia spp. and Navicula spp. were observed in similar numbers during each survey.
Figure 3.31 a and b depicts the time series observed 'for two species of the benthic diatom
community during the neap tide. Re¥suspension events Were “evident during times of
increased benthic shear, especially during the neap survey, at the time of the ebb (~10 30 hr
GMT). Navzcula Sp- in partlcular’was entramed 4m above the b th ) dunng the ebb of the

neap tlde Re-su D shear of the

sprmg tide survey (Flgure 3.33), where clear entramment of the benthrc spe01es (Nztzschza
spp:) into the water column was: apparent However, durmg the sprmg t1de survey, these
benthic species were observed (in relatlvely low numbers) throughout the water column at
most times during the survey, suggesting mtenswe mixing and possrbly the influence of the

dredging activity.
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Figure 3.30 a-d. Phytoplankton populations during a neap tide. a) Asterionella japonica; b)
Prorocentrum micans; c) Peridinium trochoideum; and d) Mesodinium rubrum. Cell numbers
per litre, crosses represent water samples.
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Figure 3.31 a and b. Benthic phytoplankton distribution during a neap tide. a) Nitzschia sp;
and b) Navicula sp. Cells numbers per litre.
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Figure 3.32 a-c. The vertical distribution of various phytoplankton species during a spring tide
in Southampton Water, August 1996. a) Prorocentrum micans; b) Peridinium trochoideum;
and c) Coscinodiscus sp.  Note cell numbers in % vertically integrated phytoplankton
population (after Lauria et a/ 1998). 5 whole water samples collected every 0.5 hr.
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Figure 3.33 a-c. Phytoplankton distribution during a spring tide in Southampton Water, August
1996. a) Nitzschia sp; b) Navicula sp; and ¢) Mesodinium rubrum. Cells numbers per litre. 5

whole water samples collected every 0.5 hr.
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3.5.4 DISCUSSION

3.5.4.1 PHYSICAL CONSEQUENCES OF A SPRING-NEAP CYCLE -

Stratification in Southampton Water has ‘a"lready]beén!shoWnto:vary greatly over‘ardaily tidal
cycle. However, for many estuaries the ‘rprilnairy;foc:uss of estuarine mixing has targeted the
sprin‘g—neep‘ cycle; when a more compl‘eter'tidal hannonieeanalysis can be assessed. Pritchard
(1989) suggested that the mosti“exciting’and%important”v studies' in ’estuaries-over the last 10
years have been the observational and theoretical inVestigations of the rneteorologically
forced tlme vanatlons in the d1str1but10ns of the resrdual ‘water surface elevation and the
residual ‘currents. Haas (1977) was the ﬁrst to pomt out that the sub-estuaries along the
western shore of Chesapeake Bay, US.A. show a marked sprlng-neap tidal variation in the
1nten51ty of stratlﬁcatlon One site investigated was the York River, V1rg1ma UsS. A, where
low river flow in late summer-early autumn, in conjunction with high sprmg tides, was
conducrve to the mixing processes. Conversely, hrgh river flows in winter should have
favoured the maintenance of stratiﬁed conditions, but the mvestrgatrons showed that river
flow is of secondary 1mportance in regulating the hydrographlc charactensncs, Since the
energy available for mixing fromnthe,;tidal currentsksi;s;aproportional to the cube of the velocity,
a change in the intensity of the tidalcurrents of 50% for a. ﬁxed river flow would result in a
weakening of the vertical dens1ty gradrent The Columbla nver estuary, for example exhibits
an almost uniform horizontal density gradlent over 30km from the mouth at the end of the
flood period during a spring tide, coupled mth;weal,‘(; vertical gradients ,(Jay and Smith 1988).
At the same tidal phase during the neap period, a strong front is formed 25km. from the mouth,

with a significant vertical density gradient. This re-stratification during the neap cycle is
consrstent with the barochmc (residual) circulation observed during low turbulence levels,

where potent1a1 energy is insufficient to overturn the vertical structure.

~ Coupled with the tidal straining influence on tidél"rrl‘ixing, the stratif)rin‘g" inﬂuence”of the
estuarine c1rculat10n is fundamental to understandmg estuarme processes Resrdual currents
drive an efficient mass transport within an estuary, with great 1mphcat10ns for the dispersal of
pollutants sedlments and brology Resrdual currents are, however often concealed by the
dominating tldal currents. The intensity of residual c1rculat10n 15 not governed solely by the
magmtude of the dens1ty gradient, but depends also on the level of amblent turbulence (Nunes
Vaz et al. 1989). In high TKE condltrons, the momentum of the resrdual circulation is
diffused vertically, which counteracts the surface residual outflow, slowing the circulation by

one to two orders of magnitude in comparison to non-turbulent conditions (Nunes Vaz e al.
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1989). Turbulence therefore, becomes important in governing flows in estuaries. The
preceding chapters have established the intermittency cf “turbulence in* estuaries (e.g.
Southampton Water), suggesting that the timescales in which estuarine flows are effected by
_turbulence may be very short (i.e. semi- dlurnal) Dunng spring trdes, rapld vertical changes

‘occur, where TKE is maximum creatmg periods of vertrcal homogenelty followed by salinity

 stratification over, for exarnple a 13 hour trme series (30 August 1996) Conversely, during

~ the neap tide (8 August 1996) sahmty stratrﬁcatlon occurred throughout the period of study.

Linden-and Slmpson (1988) dev1sed an equatron to calculate the trme scal es involved in the

‘ development of stratlﬁcatlon ina non-turbulent env1ronment

= (5—’—’-) | i (13)
where g is the acceleration due to gravity, p is density and /is the mixing length :scal’e.

Usmg typlcal estuarine values from Southampton Water tlmescales of ~5 mmutes have been
calculated (Tmton 1997) Slgmﬁcant stratrﬁcatlon can therefore be expected w1th1n
trmescales m the order of 10 mrnutes after tldal turbulence (the main source of mrxrng in
Southampton Water) has ceased, i.e. durmg penods of slack water. However the mtensrty of
the stratification evolved depends greatly on the sprmg—neap trdal cycle wrth more intense

stratification evident during the neap periods, as shown during the survey on 8 August 1996.'

Large differences in current‘velocity were clearly 'observed between‘the spring and neap
period, w1th intermediate speeds measured for the surveys conducted durmg a reduced spring
and mean tide. Tidal stirring reduces more srgmﬁcantly than tldal strammg from sprmgs to
k neaps as current velocity (u) reduces, due to the tidal stirring dependence on i and straining
on u (Simpson ef al. 1990). 'Tidal stlrrmg, therefore may have an mcreased influence during
the ebb flow, partrcularly during a spring tide (e.g. 30 August l996). ‘To establish the effects
of these tidal inﬂuences the ADCP data from 30 August 1996 was-harmonically' analysed to
determine the features of the resrdual ﬂow partlcularly at hrgh water (Tmton 1997) The
dlfference between the predrcted tidal current from harmonic analyms and the observed value
was assumed to be the residual current. Hrgher tidal harmonics of the M2 tide are produced in
Southarnpton Water due to the shallow water effects and the proximity of the M, degenerate

amphidromic point (Pugh 1996). The periods and amplitudes of the tidal harmonics are
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shown in Table 13 for the analysed velocity data from two depths (Tinton 1997), these four

harmonics were included in the analysis (FORTRAN programme written by DrJ :Sharples).

~HARMONIC | :VPERIODV:\- AMPLITUDE |
lrn from surface 2rn from surface lm from surface 2m from surface
M ‘12‘#42'0.;6_' 1 12 006 18, 5004 : 25, 6947 )
= M, 62103 ~ S06.2103 ‘19.0853 L . -~20‘.9988:»
M, 414 414 28.645 27.9366
M, 3.105 | 3.105 30074 10043

Table 13. The periods and amplitudes of tidal harmomcs used to. analyse velocrty data from'
two dlscrete depths (after Tmton 1997)

The analysrs showed that surface currents changed drrectlon durrng the ﬂood stand and on the
approach to_high water to a seaward outﬂow This was mdrcatrve of the surface resrdual
current and was observed through the velocrty magmtude as a surface ve1001ty mcrease

partlcularly promlnent durmg the h1gh water stand _The high water stand exhrbrted a strong
oscrllatlng residual current, observed at all depths The raw resrdual was calculated to show
maximum velocrtres up t0 0. 16 m s with dlrectlon changlng hourly Unexpectedly, the near-
bed residual current was calculated to ﬂow m the same direction as the surface resrdual This
1mp11es that the entire water column was. ﬂowrng back and forth dunng the double high water,

with a slight lag between the surface water behrnd the near-bed zone Dyer (1982) observed a
lateral surface serchrng in Southampton Water which led toa lateral 1nternal serche within the
estuary. An along estuarine standmg ;wave (selche) may exrst, which i is caused by the rapldly
 changing pressure gy‘radients‘produced by the varying current velocities. ' This “seiche' wouldbe
partrcularly promlnent durrng an extreme spnng tide where raprd current velocrtres (l Oms l)

are mterspersed with slack waters over very short timescales.

The highly complex and variable physical regime of Southampton Water is clearly observed
through comparisons over a spring-neap cycle, where tidal forcings dominate the residual
estuarine crrculatlon These complexrtres have an enormous mﬂuence on the mass transport

propertres of the estuary
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3.5.4.2 SPM FLUCTUATIONS OVER A SPRING-NEAP CYCLE

The correlation between re-suspension of SPM and the bottom generated shear has already
been dlscussed in the precedmg chapters where cycles of mixing occurred based on the
’ timing of the ebb and flood currents. The near bed concentratrons gradually decreased after

‘ the t1mes of max1mum currents as vertlcal mrxmg could no longer mamtam the partlcles in

suspensron These patterns were agam observed on each day surveyed in August 1996 but
further comparlsons were able to be drawn between the longer term varlabxhty in conJunctlon
with the spring-neap cycle. The vanabrhty of SPM concentratlon was 1rnmed1ately apparent
when comparlng the four days surveyed w1th concentratlons 1ncreas1ng in magnitude from

the neap to the spnng perrod

The main influence of an 1ncrease rn SPM Wlthm the scope of this thes1s 1S the consequences

on the 1rrad1ance ﬁeld and how thrs affects phytoplankton populatlons Irradrance is
exponentlally attenuated thh depth 1n the water column due to scattermg and absorptron of
photons by water molecules suspended partlcles and by the phytoplankton Photosynthetlc
orgamsms are thus almost excluswely rest:ncted to the photrc zone. This is comprised by all
layers in the water column in which photoautotrophlc productlon exceeds heterotrophic
~ consumption over the timescale of mterest (Tett 1990). Classrcally, it has been considered as
 the portion of the: water column from the surface down to a depth of 1% surface 1nc1dent

' u'radrance level. There are 1nd1catlons however that thls layer can be sxgnlﬁcantly deeper,

: w1th phytoplankton growmg at extremely low 1rrad1ance <1 p.E m’s ﬂ{aven 1986)

. ~Suspended sediments can become trapped wlthin estuaries 'by a complexing of factors such as
residual circulation, t1dal m1x1ng and estuanne morphology The ﬁltermg efﬁc1ency is
 determined by the strength of the re51dual crrculatron and by the size of the estuary
partrcularly the length (Schubel and Carter 1984). Once trapped within the residuals, ﬁne
particles undergo repeated cycles of deposition and re-suspension prior to _permanent
accumulation or tranSport into the sea (Nlchols 1984) The tirnesca‘les\‘ mvolvedrn these
processes will be subje’ct to the ﬂushlng time of ‘the estuary and the nature of sediments in

question.

The flushing rate for Southampton Water has been estimated as ~17 days ‘(August 1995,
chapter 4), based on the fresh Wwater fraction of the estuary, considering an es"timatedestuarine
volume. Mass transport can be calculated by using the measured current velocities at varying

water column depths (i.e. surface and bottom), to establish the differential transport of
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particles over a tidal cycle. The vertical distribution of SPM varied not only in intensity, but
in.the propagatlon of SPM through the water column after re- suspens1on The range of .

vertrcal re-suspensron on the ‘neap survey was. O 2. Sm above sea. bed whereas durmg the -
": sprmg tlde thrs range had mcreased to 0 7. Om k

 NEAPTIDE | REDUCED | MEANTIDE EXTREME SPRING
EBB 035 | 080 -0.7 -0.85
"HIGHWATER |  -0.08 005 -0.08 0.1
L2 e (estimate) -
TLATTER 015 | 048 |

Table 14. Maxrmum Surface (0 5. O m) current velocmes (m s ‘) for each survey day over the
spring-neap survey. Negative values refer to estuarine outflows. High water during the mean
tide was not investigated, therefore - value 1s based on an average of hwh water velocmes

measured dunng the other days

NEAPTIOE | REDUCED |  MEANTIDE 'EXTREME SPRING
s o SPRINGTOE | ..o . b TDE |
EBB 0.2 ‘ 036 -0.3 060
HIGHWATER | 0.2 003 008 o1
2 (estimate) :
FLooD 0.08 0.14 0.12 1010
LATTER 022 030 030 0.4
FLOOD |

Table 15. Maximum Bottom (5-10.0 m) current velocities (m s™) for each survey day over the
spring-neap survey. Negative values refer to estuarine outflows. High water during the mean
tide was not investigated, therefore- value 1s based on an average of hrgh water velocrtles
measured during the other days. ‘ ’

Using these calculated velocities (Table 14 and Table 15), the distance travelled; in the near

surface and bottom zones of the water column were estimated over the spring-neap cycle.
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NEAP TIDE - REDUCED | MEANTIDE |  EXTREME
: r | SPRINGTDE | | SPRINGTIDE
SURFACE 99 T 82 -9.9 7.8
~Bortom . [ 95 .48 - L g6 DT g
(km ) > s e )
“TOTAL
-+ DISTANCE:
» r(kri1 d“)

Table 16. Distance travelled (km per day) based on mean current velocmes overa spnng—neap
- tidal cycle. Negative values reﬂected a seaward ﬂow

In all cases the net darly transport is seaward and the mtensrty of this flow i rncreases from a
' neap to a sprrng trde The total dlstance travelled on the sprmg tide was 7 8 km d, wh1ch is
twenty tlmes greater than the excursron of the neaps The vertrcal propagatron of SPM
through the water durmg times of TE- suspensron therefore becomes rmportant in terms of
mass transport along estuary The large verucal range observed durrng the sprrng t1de (-
7. Om) allows for a proportlon of the total re—suspended SPM to travel seaward at a net rate of
7.8 km d‘ In contrast re—suspensron of SPM dunng the neap t1de would not only lead toa
reduced seaward transport but also the verncal propagatlon from the SPM plumes at times of

nnxmg do not entrain mto the net seaward surface current

This dlfference n the net transport of the estuary over the sprrng-neap perrod has 1mportant
consequences for the transport of SPM but also has maJor 1mpl1catrons for the phytoplankton

community, partrcularly those members lackmg the ability to mlgrate vertrcally

3.5.4.3 BIOLOGICAL CONSEQUENCES FROM SPRING-NEAP FORCINGS

3.5.4.3.1 DiATOM DyNAMICS

Tidal re-suspension results in the infusion of se'veral types of particulate material ‘back into. the
water column (Roman and Tenore 1978). Thef_re-suspension of chlorophyll a represents both
endemic benthic diatoms and phytoplankton that have sedimented out of the water column.
The tidal re-suspension of phytoplankton cells, both viable and s,enescent, reintroduces those
cells previously lost from the upper layers. As these populations"are.moved into different
levels of the water -column theirexternalenvironment changes, e.g. faster flowing currents,
higher PAR; and higher nutrient levels (NO,, PO, and SiO,). Benthic diatoms are re-

suspended from the sediment, allowing enhanced primary productivity owing to increased
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irradiance availability. In order to ascertain the effect of tidal re-suspension on primary
production, in situ '‘C incubations were conducted during tidal cycle studies in Buzzards Bay,
Ma.; U.S.A. (Roman and Tenore 1978), in 13m of water, over a silt-clay benthos. Over a tidal
cycle a 100% increase in the amount of chlorophyll a present in the water was reflected in the
change due to tidal re—suspensmn at 11 m, when the phytoplankton standlng crop was high
(chlorophyll @ > 4 mg m®), compared to 2 50 % increase: when standing crop was low
(chlorophyll @ < 2 mg m?). The mlcr‘oalgae observed in the bottom waters were composed of

numerous forms including Gyrosigma sp, and Nitzschia sp.

The change in primary production in the ‘Buzzards" Bay study was compared at4 and 11m over
a tidal cycle At the start of the ebb tide, chlorophyll was re- suspended from the benthos
leadmg to a 6-fold increase in primary production (<10 mg Cm?d! to 65 mg Cm? d! at the
start of the ebb). To determine if irradiance was limiting this enhanced production at 11 m,)
water samples from 11 m were incubated at 4 m. No ~Signiﬁeant difference was observed,
indicating that there was sufficient PARm fithe re-suspension zone to allow enhanced
photosynthesiss The phytoplankton ebservedf in the near-bed 'samplesf fromSouthampton
Water have a similar species,composition tof-those found. m Buzzards Bay, suggesting that the
re—suSpension of these organisms would allow a periodic enhancement of 'photosynthesis
durmg times of increased benthic shear.. Although pnmary productlon was not-measured, -
| rmcroscoplc exammatlon of live. samples from the water samples suggest that the benthic
- community was viable when collected in the water column., 1.e.~obv1ous; ,movementk of species

such as Gyrosigma A'sp.,‘Na,vicula sp. ~~pandNitzSchia sp- when viewed at 200 x magnification.

The vertical propagation of these benthic communities can be compared directly to the plumes
observed by the SPM, as;these species (Gyrnsigma sp; Navicula" sp. and Nitzschia sp.) are
unable to actively move in the absence of a hard substrate. The extent, therefore to which
these organisms are re-suspended in the water column may depend on the infensity' of the
boundary shear, due to the near-bed currents. This was particularly apparent during" the spring
tide survey, where ,’re-suspension of the Navicula sp. and Nitzschia sp communities was
clearly detected during the latter flood and ebb flows. It is interesting to note that many
Navicula sp. were re- suspended during the lower shear event caused by the flood tide, whilst
Nitzschia sp.. (although re-suspended during the flood phase) clearly showed the largest
increase in cell numbers during the intense bed shear of the ebb tide. Gyrosigma sp. was also

found in bottom samples, but these data are not shown.
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The benthic mxcroalgal commumty was poorly represented in the neap survey samples, with
only Nztzschza sp. counted. This populatlon was mainly observed in the bottom samples,
showing an increase in cell numbers during the ebb and (to a lesser extent) during the flood
flows. Tt is also interesting to note that although SPM re'—Suspension'on this day was not

intense, the Nitzschia population was still able to propagate into the water column.

The consequences in estuaries of this entrainment into the water column, not only may
potentially enhance photosynthesis (Roman and Tenore 1978), but will also transport these
cells with the prevailing current. This would be potentrally more important for the populat1on
during the spring tide when the intense currents may entrammg cells: hrgh 1nto the water
column where the fastest ebb currents may transport the populatlon 3km in one hour. The
potentlal photosynthetlc enhancement is also an important factor for the benthic population
during the spring tide (particularly during 30 August 1996) as the SPM loading was so
A T highly reduced photic zone (~1.2m = depth of 1% surface PAR). This
becomes a vital enwronmental advantage when PAR levels are highly reduced especially
when phytoplankton have been observed to photosynthesxse at PAR values in the order of 10
uE m? s (growth observed atl ;,tE m?s? by Raven (1986)) -

As in the case of the sprmg survey, ‘where PAR was a major hmltmg factor, re-suspensmn
from the lower ‘waters becomes 1mportant for the pelaglc diatom community. These
orgamsms, such as Coscinodiscus sp. and Thalasszoszra sp., are reported as being low light
adapted where they thrive in a mixed water column, but the PAR values during 30 August
1996, Were"potentially too low (<10 pE m? s?) to sustain net integrated photosynthesis
thr()ughout the water column The chain forming diatom Rhizosolenia delicatula was
observed during the neap survey, but by the spring survey this pelagic diatom had been
superseded by a dinoflagellate dominated phytoplankton community. However. the R.
delicatula population followed the same pattem over the survey as that observed in the May
1995 preliminary studies (sectlon 3.3). The community was swept into the upper water
column with the high boundary shear, where the increase in PAR may have led to enhanced

photosynthesis.
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3.5.4.3.2 DINOFLAGELLATE BEHAVIOUR

Using a cost-benefit analysis of dinoflagellate mobility (Raven and Richardson 1984) two

important points emerge: -

(1) the energy expended on »movements'between:Well:ﬂluminated shrfacc layers and nutrient-
- rich deeper layers represent a small percentage (0. 1%) of the total energy budget for
.~growth; and; - '
(2)the benefits of such migrations are considerable in comparison to a ‘non-migratory
- behaviour, ; ' ; o _ =
They concluded that even in conditions where growth is potentially restricted by both PAR

and nutrients, vertical movements at subsurface depths may still enhance growth rates.

Diel migration has been observed for the dinoﬂegellate Prorocentrum micans in Laholm Bay,
south-east Kattegat (Edler and Olssen 1985). Salinity gradients of 4-6 did not affect the
ascent of P. micans, where the mean apparent rmgratlon rate was 0.75 m b, with an ascent
rate (0.85m h) faster than the descent (0.64mh ‘) “This data suggested that the optnnal PAR
level for this ~d1noﬂage11ate-spec;es»was 300 uE,m;» s, based on midday measurements. P.
micans was not foundgdm'ing; the 8 ,AuguStf~,1996;:survey, end by the end of August a different
dinoﬂagellate species had suceeeded ‘the ;previously_,Afdominant; Peridinium trochoideum
dinoflagellate of the neap survey. The;pcbﬁlation of P. tfochoideum on the neap survey, i.e.
vertically ascending during the.lﬂood stand, would lead to an incursion of the community
along estuary in association with the prevailing landward currents. This would retain the
population within the estuary at times when the tidal excursion was less intense (i.e. during a
spring tlde) This species has been observed to exhibit relatively slow swimming speeds (0.25
m ht Taylor 1982), and as the current VelocitieS"‘incre:ase towards the spring tides, these
dinoflagellates may be flushed from the system, as no selective retention can occur. Selective
retention has been ‘described for many-other dinoflagellates (Anderson and Stolzenbach 1985;
Garcon andAnderson ~1986)~w‘hereidmoﬂagelylate swimming behaviour restricts advective

losses from estuarine embayments.

Although ideas such as the “seedbed” hypothesis (Wall 1975) help to explain the recurrent
nature of estuarine  dinoflagellate outbreaks, the relatively small 'size inoculum  from
germinating cysts each yeaf (Anderson et al. 1983) suggests that other factors operate to

determine the size of blooms. Motile cells liberated from germinated cysts of Gonyaulax
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tamarensis, in Perch Pond (Massachusetts, U. S. A.), would be advected from the pond as fast
as they could-divide; resulﬁng in no net population accumulation even under the best growth
conditions (Anderson and Stolzenbach 1985). These authors suggest that population losses
would be lowest on sunny days with ﬂood tides durmg the midday hours, and greatest during
periods of low irradiance. The organisms héwé;_sqfﬁciem;motilit,y- to maintain a non well-
mixed distribution in the presence bf, efficient tidal mixing. Other studies (Seliger et al. 1970)
have also shown that without accumulation _mechanisms, species such as Pyrodinium
bahamense in Oyster Bay, J am,‘a‘ica‘\’vould be flushed from the area. The vertical distribution
of the phototrophic ciliate Me&odz‘nium rubrum, has ‘beén;éhown to be influenced by factors
other than PAR (Passow 1991), although this organism is strongly ;‘phototactic (Smith and
Barber 1979). Crawford and Purdie (1992) related the migration of this species to the level of
turbulence in the water column, thh M rubrum migrating aWay from the surface waters when
faster near—surfacei ebb currents began - thusaiso procuring a selective retention within the
estuary. The vertical distribution of fhis highly motile species during the neap survey showed
a surface accumulation at all times except during ﬁmes of ‘ intense vertical mixing (i.e. during
the ebb and flood currents). Maximum leveyls re-established in the s;irface waters during the
latter flood tide which would maintain thepopglatﬁion; within the estuary. By contrast, the
disfribution of the M. rubrum pbpulation during the spring tide survey, showed a surface
accumulatibn during the flood stand and the high water peri‘pd‘-‘,pgcsurynably at times of low
TKE,iduring;which the population could migrate mto “the, surface wéters. By the time of the
extreme spring tide (22 days after the neap survey), the nhmbe,r of M. rubrum cells had fallen
by an order of magnitude, shggesting flushing losses with the increased flushing rates of the

spring tide.

3.5.5 CONCLUSIONS

These longer term investigations have highlighted the variation in physical parameters over a
fortnightly period, leading to estimates for mass transport of passive water properties such as
SPM and the non-motile phytoplankton community. The daily tidal forcings on re-suspension
were again obvious, but when placed in the context of the spring-neap forcings the major re-
suspension events are particularly apparent on a spring tide. The bio-physical coupling
allowed for calculations of the transport of phytoplanktqh populations, particularly in terms of
benthic species re-suspended during the high TKE events. The migration of dinoflagellate
and ciliate species was observed and permitted calculations to be made on phytoplankton

population transport over a spring-neap cycle.
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3.6 GENERAL CONCLUSIONS FROM SOUTHAMPTON WATER

There is a clear physical pressure on the phytoplankton community due to the spring-neap
tidal cycle. The unique tidal régime in the estuary allows for the persistence of blooms
duringl‘periods of reduced spring tidal ranges, where ﬂushing rates are reduced.

The intermittent turbulence that occurs due to fhe semi-diurnal nature of the tides permits
species such as dinoflagellates to actively select a vertical position which will permit
maximum PAR. These apparent vertical migrations appear to be triggered by incident
irradiance, but ultimately the extent of the migration is governed by the vertical mixing
processes. .

During a 25 hour tidal cyclc, the influence of wind driven processes became apparent,
when the usual salinity stratification during the double high water wés suppressed due to

the surface wind-shearing processes. Vertical migration of motile phytoplankton species

‘was prevented until a time of water column stability.

Diatoms show a very close direct coupling to the :‘ph“y,si_cal, process of velobity shear, and
their passiVe re-suspension patterns follow the same frends as the bottom sediment.
However, in many cases the setthng rates for dlatoms is several hours longer than the
settling rates of the re-suspended benthos o k

The autotrophic ciliate, Mesadmzum rubrum, shows a very similar pattern of migration to

‘that of the dinoflagellates during the daylight hours, however during the dark, M. rubrum

actively migrates up through the water column during the slack water period, suggesting an

external trigger apart from incident irradiance governing its vertical position.
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Chapter Four: North Sea

4 NORTH SEA N

4.1 INTRODUC’PI&)N:

Based on the conclusrons from the Southampton Water 1nvest1gat10ns, the phys1cal constraints

on the phytoplankton commumty were exarnmed w1th1n the conﬁnes of the shallow coastal
env1ronment in the southern North Sea A Lagrangran experrment was scheduled during
which changes in the Vertrcal mixing characterxstrcs Would be momtored and coupled to an

intensive 1nvest1gatron of the vertical drstnbutron of 1nd1y1dual species of phytoplankton.

4. 2 GENERAL INTRODUCT ION TO THE NORTH SEA

The North Sea is a semr enclosed contmental shelf system in north—west Europe (Frgure 4.1).
It extends from latrtude 51° N to 61° N and longrtude 40° W to 9°E. Although shallow the
relatlvely large surface area (57 500km2) of the North Sea results 1n a total volume of
3000km3 Atlantlc water with a sahmty of greater than 35 enters the system through the Strait
of Dover 1n the south and between Shetland and Norway in the north It is also connected
with the Baltrc Sea through the Skagerrak recelvmg water of reduced sahmty Other minor
1nﬂows are from rivers such as the Ems Elbe, Maas Humber, Thames and the Rhine. The
major- outﬂow from the North Sea is along 1ts northern margln where waters from the
Skagerrak and the northern- regron entram some of the Atlantlc ‘waters to produce a flux of
63,000km? yr The regron is further divided into deﬁned areas of re81dual currents (Figure
4.2a). The Shetland Current flows into the North Sea across the broad distance between the
north of Scotland and the Shetland Isles It continues down the east coast of the UK and links
with water ﬂowmg eastwards through the Dover Strait to form the Southern Bight Drift which
moves north and eastwards parallehng the coasts of Belgium, Holland, Germany and
~Denmark before enterin_g the Baltic Sea. The deep Norwegian Channel Current flows in
across the broad continental shelf edge and, at depth, south and eastwards around the coast of

Norway. This current appears to predominate during the winter months.
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Figure 4.3 Cruise track during the October 1996 survey of the southern North Sea (RV Challenger). Note
the aggregation north of the Rhine, marking the area of the 12 hour Lagrangian survey.
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Mesoscale processes such as tides, wind forced motions and storm surges are the most intense
energy inputs to the North Sea. They have time scales ranging from a few hours to a few days
and the associated currents may have velocxtles as hxgh as several per second. The combined
effects of buoyancy inputs, wind-stress and tidal rectification tend to induce a weak
anticlockwise circulation (Slmpson 1989). These flows are typically only a few em per
second, so t‘hat flushing times are long (up to 'thfee years in some parts). ‘The weak advection
means that the thermal ‘structure is ‘mainly coritr‘ol‘ledk be local vertical exchange, which in
turn, is closely related to the level of tidal stirring. In the relatively shallow Southern Bight,
strong tidal currents maintain a ‘highly turbulerit ~regime~whichf ensures complete vertical
mixing throughout the year. By contrast, in the deeper northern North Sea the s”cif‘fin“g is much
weaker and' the water column stratifies in response to seasonal heating, w1th a‘robust ‘two-
layer structure during the summer season. Between these two distinct regimes is an important

frontal region. (Slmpson,vl989) and ‘its posmon varies little throughout the summer season
(Figure 42a). | |

The stratification pattem of the water column varies geographically within the North Sea. The
Southern North Sea and along the British ‘coas’tfis‘ shallow and characterised by strong tidal
currents, resulting in a’ Wéil'f mixed vertical structure. Surface water temperatures show
seasonal variation which is pronounced in the southern areas (rangihg from 14 to 15°C), and
less marked in the northern areas (0 to 2°C). Bottom temperatures show similar ranges, with

little seasonal variation in the thermally stratified northern regions.

Surfacék’sélinity is fypicaliy ~35 in the northern fegidn and between 34-35 in the central and
s‘outheim'region.; ‘Areas of coastal influence, with considerable riverine input, show reduced
salinities. “Although the main nutrient input into the‘ North Sea is from the Atlantic (1.7 x 10°t
yr'' N; after Gerlach (1987)), the southern North Sea riverine inputs contributed 34-35% of the
P and N concentrations in 1980. = These high river discharges of nutrients and other
contaminants, such as toxic chemlcals ‘heavy metals and oil products derived from waste

water emissions and sewage sludge dumpmg, have lead to hlghly polluted coastal areas.

43 PHYTOPLANKTON DYNAMICS

According to Gerlach (1987), the total algal biomass in the southern area increased from Sug
C 1" in 1962 to 37ug C 1" in 1984. This pattern; however, seems to have started to reverse

since 1984 in Dutch coastal waters due to a reduction in Rhine river outflow (Reid er al.
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1990).  However, the diatom population, which is a dominant fraction of the net plankton,
seems to have remained constant. Perhaps surprisingly this appears to parallel a reduction in
available sxhcate through a decrease in silicate loadmg from riverine inputs (Radach and Berg
1986)." Flagellates ‘have become 1mportant particularly in- the mloroplankton and
nanoplankton size fraction and orgamsms such as the prymnesiophyte Phaeocystis pouchettii
recurrently form ‘dense blooms (50 mg chl mz‘) 1n some regions of the North Sea. These
flagellates occur in two different forms, a motlle‘stage (3-10uum) and a!col‘omal‘ form enclosed
in a gelatinous ~rnauix. ‘These colonies may reach seVeral millimeters in diameter. During the
1980’s, generally during the second half of June, beaches of the North Sea’s Dutch and
German coasts ‘were covered with a layer, up to 2m thick of slimy light‘ foam. This
phenomenon has been reported for many years, although over the last twenty years nuisance

blooms have occurred more frequen’dy and mtenswely (Lancelot etal. 1987)

In Belgian coastal waters the dia'roms and P. pouchettii contribute greatly to the spring bloom,
with ﬂagellates;becomirig ‘more \irnportantvduring’ the‘rsumm’er, months. Species of Ceratium
sp. (Dinophyceae) are common bloom-formers in the summer stratified waters‘of. the central
and northerrl North Sea, with blooms of ooCcolithophorids also observed. Emiliana huxleyi is
known to. ,‘bloom in Norwegian coastal waters durinjg summer months and:"produces milky
discoloration of the,water (Tangen, 1979) with further consequences on light scattering and

attenuation.

4.4 REGIONS OF FRESHWATER INFLUENCE |

The physical regime in the vicinity of the Rhine ROFI (Region of Freshwater Influence) has
been described mﬁidet’ail by Simpson and Souza (1995)." Extensive surveys using CTD/rosette
systeme; moored instruments with current meters, fluorometers and ’transmissometers were
used to define this highly variable system during September - October 1990. The Rhine ROFI
Waseonﬁrxhed "’to"‘eXtend north-eastwards along the Dutch coast from its river source, out to
approximately 30km from the coast, with a mean flow parallel to the coast and surface speeds

of 15-20cm s (Simpson and Souza, 1995).

The discharge of an average of 2200m® s of freshwater from the Rhine is an important input
of buoyancy into the south-eastern North Sea, which has ‘major implications for water column
structure and dynamics. The stratifying effect of the low salinity input competes with the

mixing inﬂuence of stirring by tidal flow and winds, leading\ to an alternation of strong
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stratification and complete vertical mixing. This alternation is highly influenced by the
spring-neap tidal variation, with stratiﬁcation ‘destroyed‘at"thetim‘e‘of" the spring tides. Other
variables, such as ﬂuctuatmg nverme input, and wind and wave condltlons 1ntroduee random
;changes to the water column structure. An added comphcatlon (Slmpson and Souza 1995) is
the semi-diumnal oscillations between' stable and mlxed water columns even durmg periods of
strong ‘stratification” shown from 1990 observatlons Thls sw1tch1ng between stratified and
-mixed condrtrons has been reflected in the suspended partlculate matter (SPM) vanatlons
SPM concentratlons were hlgher during the post-sprmg penod with values of 40- 60mg Fin
. the near coast region, contrastmg with the neap phase, where surface concentratlons had

reduced by an order of magmtude (4- 6mg .

4.5 BACKGROUND TO N ORTH SEA STUDY TRACER RELEASE

Two expenments durmg the North Sea pro;ect in 1989 were carried out 1n March and
October, which 1nvolved the mmultaneous release of two inert, non-toxic gaseous tracers
sulphur hexaﬂuonde (SF ) and *He (W atson et al 1991). The s1te chosen was a permanently
well mlxed ﬂat bottomed and shallow (30m) region of the southern North Sea (Fxgure 4.3) off
; the Dutch coast (52°15 52"30’N OO3°20’ 003°40° E) Durmg the autumn cruise, salinity
ﬂuctuatlons were small (34 8-34.9), witha water temperature of approxnnately 16°C and wind
speeds rangmg from 7. 6 (#2.4)-12.3 (2. 6) ms (Danen 1992) Primary productmty in this
region was also monitored with chlorophyll a concentratlons reachmg 2.5 mg m® in October
1989 and oxygen saturatlon rangmg from 102 4- 103 9% Thls autumn water mass contamed
a developmg bloom of the dratom hazosolema stolterfothzz (Danerl 1992).

Thls earher tracer release study formed the basis of the expenment camed out between 16"
October 1St November 1996 n the southern North Sea Dutch coastal waters, as part of the
ASGAMAGE pro; ject. ' ‘ '

45.1 ASGAMAGE ‘ ,
ASGAMAGE is a Jomt European contnbutmn to the Marme Aerosol and Gas Exchange
(MAGE) core sc1ence actrvrty The main aim of this experiment was to measure rates of gas
transfer across the air-sea interface as functions of wind speed and associated geophysical
variables by the release of volatile and conservative tracers. An independent study during this
cruise was established to monitor changes in algal Blormiss andspeeiation and to determine
their’relationship with water column dynamics and the Rhine ROFI. The study area was

approximately 20km west of the marine meteorological platform Meetpost Noordwijk.
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4.5.2 SAMPLING STRATEGY FOR THE NORTH SEA (DUTCH COASTAL WATERS)

M AGE expenment

coast (52°°1 18E), and extended 20kmy west from“‘ the coast (Flgure 4 3) Tracers
(section 4.5) were released into the water and monitored over a two week period, to compare

directly a comprehensive suite-of geophysical ~forcings influencing air-sea gas transfer. As the

physical properties of the area were momtored close Y, thlsprowded kan 1deal situation to
1nvest1gate any changes in algal biomass and phytoplankton specres ‘using a Lagrangian
approach in relation to water column mlxmg and the fresh water Rhine outﬂow A vessel

mounted ADCP (RD Instruments 150kHz) collected data every 2 mmutes with a depth

resolutlon of 1m. CTD casts were ?deployedh urly over a 12 hourp riod d

experrment,_ | re 1

1ntens1vely The CTD umt had an attached ﬂuorometer transmlssometer and 1rrad1ance
sensor. Dlscrete water samples were taken regularly frorn lekm bottles to determine
chlorophyll a; total SPM concentratlons and dlssolved oxygen (DO). Underway sampling of
chlorophyll ﬂuorescence transmrssron and DO was achieved from 1nstruments in the non-

toxic ﬂow—through supply, from a depth of Sm

4.5.3 DUAL TRACER RELEASE AND UNDERWAY MONITORING

Tracer preparation occurred ~25km from the target site, to avoid contamination. The tracers

used 1ncluded two volatlle gases sulphur hexaﬂuorrde (SF6) and Helium-3 (CHe), ‘with the

conservatrve tracers rhodamme-WT sulpho 'and Baczllus globzgtz spore vThe”tracer“‘patch
was contmuously surveyed for SE,using gas chromatography, w1th dlscrete samples taken for
SF6, *He, rhodamine and the spores. Contmuous underway analysrs was used to map the
tracer area, where 1nd1v1dual chromatograms were matched with time and posrtron co-
ordinates. At the patch “centre”, vertical CTD profiles were performed (every 12hours) and
discrete seawater samples were collected from 3-4 depths usmg 10 11tre stamless steel sprung

Niskin bottles, for instrument calibration and phytoplankton analy31s

Results from the longer term expenment will not be discussed here as l1tt1e change in the

phytoplankton commumty occurred over the three week period:
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Three drogued, surface drifting buoys were deployed at equal intervals along the tracer axis.

These were tracked using the Argos satellite network and with direction finding receivers.

4.5.4 LAGRANGlAN OS'}U‘RVEY | P |
A 24 hour study was carried out w1th1n the tracer release patch from 25“‘ October to 26%
October 1996, Contmuous samplmg for SF, ensured that the sh1p was. posrtloned w1th1n the
“centre” of the patch coupled with the V1sual contact of Argos buoy #1 GF/F Fllters for-
chlorophyll a analy51s and total SPM concentratlon w1th whole water samples for -
phytoplankton were collected hourly from 03 00 GMT 25* October 1996 03:00 GMT. 26‘h
October 1996 Hourly CTD casts over a 12 hour penod began from 05: 00 GMT 17:00 GMT
on 25* October 1996 Durmg the CTD casts water was: collected from 3 depths over the 20m
water column for instrument cahbratron and phytoplankton 1dent1ﬁcat10n and enumeration.

When the CTD was not operatmg, water samples were taken from the sh1p s non-tox1c supply

at a depth of 5m.

4, 6 RESULTS ’

The trdal range for the Hoek van Holland (shown as F1gure 4. 5) hlghhghts the time perrod of
the intensive sampling of phytoplankton and physmal parameters The 12 hour survey was

conducted dunng a sprmg tlde

25 [CHI29 begins Oct 16th | | | [ CH129 ends Nov st
2.3 , /
2.H .
0.7
05

1.9+
240 250 260 270 280 290 300 310 320 330

Tidal * 1.7
Height 1.5-

~ Lagrangian
Survey

S
0.94

Julian Days

Figure 4.5. Tidal'range at the Hoek van Holland during the southern North Sea ASGAMAGE

cruise.

142



Chapter Four: North Sea

4.6.1 PHYSICAL PARAMETERS

The course mamtamed is shown in Frgure 4. 3 the mltral co- ordmates‘ were. 52° 22. 9N; 004°
11.5E. The water column was ~20m depth ﬂat—bottomed and generally remamed well mixed
throughout the cruise. Meteorologlcal data for the survey (Figure 4. 4) indicates little wind
stress (~8 m st ina SE drrectron) dunng the 12 hour survey, although this perrod was
preceded and followed by stronger wmds reachmg 15 m sI The tidal range for this survey,
based on Admiralty tide tables from Hoek van Holland was l 8 m (Figure 4.5), approaching a

spring tide. Mean range for a sprmg tlde in thrs area is 1. 9 m; neap range is 1.5m. Double

low waters often occur in thrs reglon, wrth a lower ﬁrst Iow Water Low waters on 25 October
1996 were at 08:15 and 17:31 GMT (0.4 and 0.2m respectively).
‘ and 12; l7 GMT (2 2 and 2. Om respectlvely)

‘1gh waters were at 23 54

-Salinity | L ] ,

The first CTD cast was at 05:15 GMT. Data acquired from the CTD indicated surface
intrusion of lower salinity water;(Figure‘ 4.6a)‘ durrng the period of flood tides at Hoek van
Holland creating a weak salinity‘ stratification from ~10:00 GMT (A1). This plume of fresher
water was observed for a penod of 4. 3 hours The greatest mﬂuence of fresher water occurred
at 12: 30 GMT The water column became Ve ":,’00 GMT as the lower

salinity water retreated, and the tidal mﬂuence dommated the ROFL. A period ' of

‘approxrmately 2 hours occurred followmgthelntrusron of the Rhine ROFI and the time of
hrgh water showing the greatest influence of surface freshwater at a period approaching high
water in Hoek van Holland. Resrdual currents up to O 8 m s " within this area (Figure 4.7a)
suggest a northerly surface ﬂow pOSSrbly enhancing the flow of fresher water in to the area of

study.

‘ Températnfe ,

At the time of salinity stratification, a weak thermocline developed (A 0.05°C), which was
associated with the intrusion of the Rhine surface current (Flgure 4.6b). The riverine
influence was of reduced temperature compared to the southern North Sea coastal waters.
However, the difference is minimal (<0.l °C).. This rnﬂuence occurred over a short time scale,
during which the potential energy (y) required to vertically mix the water column was
1nsufﬁcxent to destroy the salmrty and temperature - stratrﬁcatlon The potential energy
anomaly (W) is deﬁned as the amount of work requlred per umt volume to bring about

complete vertical mixing (see chapter 3):
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Figures 4.8a-d. Phytoplankton species (diatoms) identified during the North Sea survey. 4.8a)
Rhizosolenia styliformis, b) Rhizosolenia stolterfothii; c) Ditylum brightwelli; and d)
Biddulphia sp. Data based on whole water samples from surface mid and bottom depths every
hour. Numbers in terms of cells per litre.
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Figures 4.9a and b. Phytoplankton species (dinoflagellates). a) Gonyaulax sp; and b)
Prorocentrum micans. NB during the hours of 08:00 and 12:00 hr the population of P. micans
appears to have positively migrated into the surface waters. Data based on whole water
samples from surface mid and bottom depths every hour. Numbers in terms of cells per litre.
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Suspended Particulate Matter

Discrete samples taken during the ‘survey showed SPM concentrations up to 8.7 mg 1.
However, the calibrated transmissorneter yalues showe‘d‘very‘ low concentrations for SPM.
For the purposes of this thes1s the transmrssometer values will only be treated as relative
values, highlighting the time period when SPM was hlghest SPM concentratlon was’ greatest
during the time period between 12:00 - l3 00 GMT m the upper 7m of the water column.
This correlates to the time of the lower salinity intrusion into the study area. It was interesting
to‘observe that there was a very different pattern of 'SPM d1st1‘1but10n to the SPM pattern seen
in Southampton ‘Water. The maximum SPM concentratlon for the North Sea survey was
confined to the upper water column and was closely correlated to the reduced salinity plume
(extendlng from the Rhme ROFI) Maximum SPM concentratlons in Southampton Water are
usually generated frorn the increased shear along the estuarine bottom boundary, and are

short-lived in the upper water column.

Tidal Currents. , : : ’ ’

An ADCP*’Was running continuously throughout' this 12 hour surVey Data were calculated to
r’separate the ship speed from the bottom trackmg feature ‘uand v velocmes are. shown as
‘F ‘igures 4.7a and 4.7b. Ve1001ty magmtude is shown n Flgure 4 Tc. Max1mum currents were
in the order of l ms* occumng during the ebb period. Thereisa tldal asymmetry in that the
first ﬂood perrod is reduced to 4 hours ‘however this does not correspond to the penod of
maximum current velocmes ‘as the ebb ‘period also exhibits rapld current velocrtres

Minimum velocities were measured at the times of low and high water. The pattern observed
| for the east—west current velocrtres exhrblted a much stronger tldal signal in tune with the low
and hrgh waters at'the Hoek van Holland. The 1nfluence of the lower sahmty water (Figure
, 4.6a) occurred at the time of high waters at the Hoek‘ van Holland, as the current vel’ocxty
dropped substantially. It is possible that the res1dual currents in this area (Frgure 4.2b) may
have carned the Rhme freshwater plume into the area of study The ebb perrod during ‘the
latter part of the survey, showed a deﬁmte rmd-phase maximum current peak 'similar to that
observed in Southampton Water however the longevrty of the two ebb phases“is very
dxfferent (i.e., the ebb phase in the southem North Sea is 2 hours longer than Southampton
Water) '

Current direction is shown to be northerly from 12:00 - 14:00 hr, associated with the timing of -
the lower salinity plume in the area of the 1nvest1gat10n whrch remforces the probability that

this reduced surface sahmty was extendmg from the Rhme ROFI
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4.6.2 BIOLOGICAL PARAMETERS

Chlorophyll a was determined regularly throughout this survey, however there was little
difference w1th time or in the vertical dlstrrbutlon through the water column. These data are

not shown, so phytoplankton blomass 1s reported in terms of specres abundance, (chlorophyll

a values =2mg m* iOlmgl‘)

Table A5 (Appendlx IV) lists the phytoplankton specres 1dent1ﬁed and enumerated during the
Lagranglan survey.  Diatoms formed the hlghest percentage of specres (90 5%), with
dlnoﬂagellates accountmg for 2. 95% and Phaeocystzs pouchettu formmg 0 OS% (not shown).
Zooplankton represented 6.5% of the total organisms counted ‘in samples during the
Lagrangian survey The cham—formmg diatom Rhizosolenia stolterfothzr(&gure 4 -8b) was
~ the most abundant phytoplankton species, with maxrmum cell densities reaching 36 x 10°
cells litre’! (62% of total) At 10:00 GMT thls populatlon appeared to aggregate in the near
bottom layers between 12 14m depth however this is based on one data pomt and may be
anomalous However thls occurred durmg the time of the temporary sahnlty stratlﬁcatlon
,when surface values st111 remamed hlgh (>l 2 X 103 cells lrtre ). An 1nterestmg feature of this
data set Was the arnval of the cham formmg dlatom hazosolema stylzformzs w1th the lower
sahnrty 1nﬂuence between lO OO and 14:00 GMT This ‘species is commonly found in the
southern North Sea ThlS large dratom had a maximum cham length of 3 mm. Figure 4.8a
indicates its dlstnbutlon coincident with the lower salinity Rhme ROFI. Although the salinity
influence was in the surface 2 m its influence was occurring throughout the ,depth of the water
column. As the water colurnn became well mixed at 14:00 GMT, fewer Rhizosolenia
styliformis ~ cells were observed and by 15:00 hr no cells were "seen. The’,distribution of
Dizjyluhz brightwelli ‘i’s shown in Figure 4.8c. Cell numbers of this organism were low in
comparison to the dominatin‘g diatoms, with a distribution showing a near-bottom aggregation
on either side‘ of high water, while at the time of the lower 'salinity‘ intr'usion reduced
‘ concentrations wererecorded. This suggests the appearanceof a different population of the
same species associated with another water mass, possibly due to the miXing at the margins of
the fresh waterv intrusion. Another cha_in-forming diatom ‘Biddulphialsp. (Figure 4.8d) was
also ahundant (1.6% total). This species was observed throughout the duration of the survey,
although longer chains and greater cell volumes were observed during the fresher water

intrusion.

Rhizosolenia stolterfothii cells occurring in the water column during periods of lower salinity
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related to the ROFI were in greater numbers and present as longer chain (reaching 12 cells per
chain, length =2."5 mm). The mean chain length excluding this lower salinity period was 3 (+
2).  Chaetoceros sp. (data not shown) was another abundant diatom which was present
throughout the survey, ‘with“'nurnbers intensifying' after the ‘ROFI in the surface waters

(background 'c'Oncentration‘ =1.5x 10%cell li‘tre",reach‘ing 9~x‘l~'0,3~ cell litrei‘):f o

Very few dmoﬂagellates were observed n companson to the dratom numbers Prorocentrum
micans was the most abundant dmoﬂagellate (Figure 4.9b). Maxxmum cell numbers were 525
cells htre , Where >70% was found in the surface water (above 8m) The cell numbers for P..

mzcans were relatlvely low and yet apparent changes in the vertlcal dlstrlbutlon of this
of P mzcans and the concurrent 1ntrusron of the low sahmty water but srgnlﬁcant numbers of
P. micans were observed before and after the plume event suggestmg a populatlon residing in

the usually well mlxed waters.

The arrnoured dmoflagellate Gonyaulax sp- thure 4 9a) was detectea during the period of
the strongest sahmty gradlent ThlS motlle phytoplanl(ter Was not present dunng the survey,
but aggregated m the surface waters durmg the temporary water column stablhty As the
lower sahmty plume retracted and the water column was agaln vertlcally homogeneous ‘this

orgamsm was no longer observed
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4.7 DISCUSSION

In the southern section of the North Sea, the water column usually remains well mixed and
turbid: As a result, low fphytoplankton biomass has been observed (Tett and Mills 1991).

This was shown to be the case during the October survey in 1996 It has been argued that this
unproductive state would be typical of the entire southern North Sea if it were not for the
riverine inputs of freshwater and the mineral nutrients. The explana,tlon provided by Tett and
Mills (1991) of plankton dynamics is based on the complex physical processes operating in
the reglon 1nclud1ng the stratlfymg mﬂuence of the Rhine outﬂow These temporary zones of
reduced vertlcal mrxmg coupled wrth anthropogemc nutnent loadlng can strmulate
phytoplankton growth. The ﬁrst blooms of the year are reported to be domlnated by dratoms

but depletlon of silicate qurckly reduces thelr 1mportance The anthropogenlc input of mtrate
and phosphate strmulate the growth of ﬂagellates and blooms of Phaeocystzs pouchettii are
common between April and June By the middle of summer, sufﬁment srhcate may have been

regenerated (or 1nput) to support reneWed dratom growth (Rerd et al. 1990)

Semi diurnal variations in water column ‘stability have ‘been previously identiﬁed in other
ROFI and estuarine reglmes (Bowden and Sharaf el Din, 1966; Slmpson et al., 1991; Souza
and Simpson, 1997), where they were attnbuted to tidal straining. During spring tidal phases
the water column is well mixed, and only w1th1n the immediate region of the Rhine source is
any significant stratrﬁcatron seen ThlS stabrhsmg 1nﬂuence of the lower sahmty mtrusron
was also detected through the October 1996 crurse leadmg to behav1oura1 changes in the
phytoplankton cornmunrty durmg the temporary perrod of stabxhty Thrs 12 hour survey
occurred durmg a large tldal range mnnedlately before a sprmg tlde Durrng a neap perlod
however strong stratlﬁcatron exrsts wrth Y up to 20 Jm’? extendmg out to 30km from the
coast and northwards from the Rhlne source (Srmpson et al 1991) Wy durlng a spring phase
ranges between 0-4 Jm whrch explams the temporary nature of the stratification during the October
(1996) investigation. CODAR (HF radar) observations for the region have indicated a coherent
residual flow to the north which was approximately parallel to-the coast- and has typical
velocities of 15 - 20 cm §'. With the onset of stratification, the bottom residual current is

largely de-coupled from the surface flow (Simpson and Souza, 1995). -

SPM drstrrbutrons were. determmed from the CTD deployed beam transmlssometer Results
are only shown as relatlve units due to the poor calibration between the gravimetric samples

and the attenuance, actual concentrations of SOM are based on gravimetric weights. The

149



Chapter Four: North Sea

SPM distribution over the time series suggested that the water column was well mixed until
the onset of salinity stratification, where the ‘fresher’ surface waters have a suspended load of
up to 9 mg 1. As the ROFI retreated, the turbid surface waters also disappeared; although the
mean water column suspended load was increased after the time of salinity stratrﬁcatlon The
SPM range before the freshwater mﬂuence was 4-5 mg I ‘, in contrast to the period after the
intrusion where the range was 7- 8 mg I\, This suggests that partlculate matter was settling

through the halocline coupled with the mcreased water column turbulence due to the tidal

straining;

Tett and MlllS (1991) revrewed the pelaglc ecosystems of the North Sea and descrrbed n
detarl the results from a moormg statlon in the southern Dutch coastal waters At the NERC
‘statron (AT) near the mouth of the Scheldt it was confirmed that phytoplankton can be
abundant between March and September in southern regrons under the mﬂuence of
anthropogemc nutrrent loadmg Thelr conclus1ons were that the complex physrcal processes
'operatlng m thrs regron (mcludmg the stratrfymg 1nﬂuence of the Rhme ROFI) glves rise to
temporary zones of reduced vertlcal mlxrng and 1ncreased photlc depth leadmg on to
) enhanced prrrnary productrvrty ThlS was also conﬁrmed through the October 1996
mvestrgatrons 1n whlch phytoplankton were seen to be larger and more abundant in the water
mass assoelated to the Rhme plume Thrs enhanced productlvrty, however was not observed

through the use of chlorophyll a determrnatlons

Over a tida] cycle, thls work has revealed that regular stablhty occurs through the fresh water
1ntrusron This follows a lag period from the tidal nodes at the Hoek van Holland. The
regulanty, of the tidal forcings however, is often suppressed »d}ue‘ to the unpred‘rct’able
meteorological conditions, which act to de-stabilise‘ﬁthe]Water“column.‘ For example, in this
survey the time 'periOd‘befOre and irrnnediately after the “Lagrangian’ investigation wind
speeds reached 60 m s, surpasSing the stabilising buoyancy forces:

The behavioural patterns of the motile ,r\phytoplankton_community -showed the ability to
respond over short timescales to their physical environment. Dinoflagellate, species appeared
to. vertically migrate through the water column during a period of reduced water column
mixing which occurred during the time of the theoretical maximum surface irradiance. The
population resided in the surface waters of the reduced salinity influence. This population

was probably associated with the Rhine ROF], but did not mix vertically.
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Certain components of the diatom community mapped their physical environment,
‘particularly shown by R. styliformis which was only detected during the lower salinity
intrusion. The use of chlorophyll a as an indicator of algal biomass alone, would not have

provided the insight into the specific behavioural patterns of the phytoplankton COmmunity.

4.8 GENERAL CONCLUSIONS FROM THE NORTH SEA STUDY

The southern North Sea, generally a well-miXed body of water, has Intermittent periods of
stability resulting from the stabilising forces of the Rhine ROFL This stability not only
changed the physical characteristics of the water column, but showed. its influence on the

phytoplankton community.

The apparentylow algal biomass (chlorophyll a concentration <2 mg m?) observed during the
southern North Sea cruise prevented a detailed examination of phytoplankton community
‘changes with time in terms: of bulk parameters However the close coupling of the
hydrographic features of the reglon and the brologlcal commumty were qulte clear through the
use of microscopic exammatron Few motrle spec1es were observed, but some ev1dence
suggests-that dlnoﬂagellate members were resrdmg m the surfacelayers of the water column.
For example P micans occurred durmg the temporary, more stable period of the low salinity

Rhine ROFI in day light hours

A species of diatom R. styliformis was apparently associated with the low salinity ROFI. The
vertical distribution of this species followed the physical hydrography of the water mass,
where the diatom population was initially associated with the surface waters of the ROFI, but
one hour later greater numbers of individual cells were observed in the bottom layers.

In contrast, the armoured, motile dinoﬂagellate, Gonyaulax sp was only observed within the
near surface layers of the water column at the time associated with the greatest vertical
salinity gradient (suggesting vertical stability). As the water column became Vertically mixed,

this organism was no longer detected.
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5. GENERAL DISCUSSION |

The objectives of this research were to investigate how physical mlxmg processes combme to
control the composition of the phytoplankton community and their relative distribution in
dynamie: temperate, coastal enwronments,.~ In this ﬁnal chapter the original hypotheses are

addressed in relation to the re‘sults obtained.

5.1 SPRING-NEAP TiDAL MD{iNG

The ﬁrst two hypotheSIS to be tested were:- , S Ty S
. Intermtttency of turbulence is fundamental for the proltferatwn of phytoplankton
o  Extended water column stabtlzty is not a prerequisite to an abundant phytoplanktan

-community m a pamally mzxed estuaiy

The hi,ghly complex:end vatiab}e physmal regime of Southampton ;‘W‘ater‘ was clearly obeeryed
thfough‘ comparisons ~~made during‘ four daylight tidal cjzcles conducted over a spring-neap
cycle (sectlon 3 5) in August 1996 _From these surveys it was shown that t1dal forcmgs
clearly dommate the resuiual estuarme cuculatlon and have a large mﬂuence on the mass
transport properties of Sjcuthgmpton, Water, Us;lng,,calculated‘, Veloc;t;es from both an ADCP
and single point current z‘:’nete,r‘s, the " dlstance t:avelled by the Water mass in the near-surface
and near-bottom zonee of the water column can be estimated over the spring-neap cycle (See
Table 16).

REDUCED

 NEAPTIDE - |- MEAN TIDE EXTREME
| SPRING TIDE SPRING TIDE

:S:(,JRkFACE o 9.9 -8.2 9.9 18
(km o ; ; :
BoTTOM 95 438 8.6 0
(km d-T) | |
TOTAL -0.4 -3.4 -13 -7.8
DISTANCE
(km d-1)

Table 16. Distance travelled (km per day) based on mean current velocities over a spring-
neap tidal cycle. Negative values reflected a seaward flow.
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In all cases the net daily transport is seaward, and the intensity of this flow increases from a
neap to a spring tide. The estimated total distance travelled on the spring tide was 7.8 km d-1,
which is twenty times 'greater than the excursionduring‘ a neap tide. This difference in the net
transport of water in the estuary over the spnng—neap period has ma_]or implications for the
phytoplankton commumty, perm1tt1ng re51d1ng populations to grow within the estuary (growth
> flushing) during periods of reduced seaward transport (i.e. neap trdes) fDurmg years of
exceptional blooms in Southampton Water partxcularly dominated by the photoautotrophrc
ciliate Mesodinium rubrum, a closer exammatron of- the tidal phase has revealed the timing of
these summer bloom events to be co1n01dent with perlods of reduced ﬂushmg (1 e. neap tides
and reduced spring tides). Ultimately these sprmg-neap tidal exeurs1ons act to control the

longev1ty of phytoplankton blooms within the estuary

Reviewing the data from the spring-neap investigations, growth rate estrmates have been
calculated to determine the net daily oef11~f division necessary to balance the 'p‘opulation growth
and flushing (population removal) within the estuary For example, high cell concentratlons
of the chain forming dlatom Asterzonella Japonica were. observed during a neap tide in August
1996. Maximum cell concentrations were: 1.7 x 10° cells per ‘h:tre. The division rates (per day)
of A. japonica /have been estimated (Table v17) that would be required' to balance its net
transport out of the estuary, based on the transport rates defined in Table 16. (Calculationsf'are‘
based over a volume of the estuary equalto 6000 m x: 1"5 mx 600 m).

NEAP TIDE "REDUCED | MEANTIDE EXTREME
‘ * SPRING TIDE B | SPRING TIDE
DvisioN RATE| 007 | 02 | 05 | i3l
(PERDAY) | "‘ ‘

Table 17. Division rates (per day) for Asterzonella ]apomca necessary to balance the transport
out-of the estuary (Southampton Water). ' i

Reported max,imum‘, division rates for this ehain—formin,g diato5Xwhere irradiance and nutrients were

unlikely to be achieved in nature. F;or,ynet growth to occur, daily division rates must be greater
than those given in Table 17, suggesting that net growth is only achievable during a neap,

reduced spring and a mean tidal cycle. B
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5.2 DAILY TIDAL INFLUENCES
The third hypothesis to be tested was:-
o Certain motile phytoplankton species can respond to short lived, intermittent stabilising

events and migrations are ultimately constrained by vertical mixing.

To address this hypothesrs changes in the phytoplankton commumty were 1nvest1gated over
different tidal phases on a dally basrs The 1mplernentatron of mtensrve mvestlgatlons of the
phytoplankton commuruty was necessary to determme the behavroural patterns of different
individual species, as the use of chlorophyll a alone was’ shown to mask the ‘behavioural
patterns (such as apparent mrgratlons and/or re- suspenswn ‘events) durmg these time series.
Chlorophyll a proved an 1mportant tool for assessrng the phytoplankton commumty
distribution as a whole ‘however the use of mlcroscoprc ‘enumeration proved necessary to
‘examine the apparent vertlcal mrgrauons of dmoﬂagellate spemes durmg penods of water
column stability in both a partlally-mlxed estuary and in the southem North Sea. Algal
biomass increased to bloom concentrations durmg the spring months in Southampton Water
(May 1995; 1996), suggestlng that the stimulation of phytoplankton growth was tnggered by

\greater day length and an increase in water temperature

In Southampton Water, during a 25 hour tidal survey on 19-20 June 1997, apparent vertical
ascent and descent migrations of dinoflagellates and a photoautotrophic ciliate, M. rubrum
were observed over the hght dark cycle particularly dunng penods of mtemnttent stab111ty

(e g. HW perrod)

Individual dinoflagellate species, such as Prorocentrum ~hiicaris; appeared to aggregate in the
near-surface waters during the first high Water’period and became more vertically mixed after
the period of high Shear during the first ebb‘phas’e. Throughout the dark period, this species
was not detected in water samples, but “;e-appeafed” at dawn and apparently migrated up into
the surface waters during the second ﬂoodstand. This species appears to have a strong
association with surface irradiance which acts to control its vertical position, however the
primary factor governing vertical position was the physical mixing forcings, i.e. vertical
migration was only apparently achievable during periods of low turbulence (when Richardson
numbers >1.0, see Figure 5.0c). The vertical distribution of Perzdznzum trochoideum, initially
followed a similar pattern to P. micans, however its vertlcal distribution during the dark
period was different. An apparent downward migration was observed during the second high

water during the dark hours. These negative migrations have been observed for many
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dinoflagellate species, with the “normal” autotrophic dinoﬂagellate diel vertical migration
modelled as ascent during daylight and descent at night (Kamykowski, 1974; See section
3.234). ‘ :

The 25 hour tldal survey conducted on the 19 20 June 1999 marked the ﬁrst reported
observed apparent migratory. behav1our of Mesodzmum rubrum dunng dark hours. This
follows the earlier studies of Crawford and Purdle (1992), who postulated that mechamsms
other than nradrance tngger th1s orgamsm s extensrve mrgratlon through the water column

The proﬁles obtamed in this study, suggest that durmg perrods of hrgh m1x1ng (ie. ebb flow

: and ﬂood phase) the populatron of M rubrum becomes well—mlxed vertically, but dunng the

‘ dark hlgh water perrod M. rubrum appeared to posrtlvely mxgrate towards the surface. This

specres is not believed to be heavrly grazed by zooplankton so would not suffer large

populatron losses throughout the penod of posrtrve zooplankton migration Wthh have been
shown to occur durmg dark hours a(ostoloupou pers: comm) The. 1ntens1ve sampling

: protocol of the underlymg physrcal features of the estuary coupled w1th the hrgh resolution

phytoplankton samplmg, allowed the unexpected drfference m the apparent behaviour of
various motile phytoplanktonspecres tobe detected, hrghhghtlng the species-specific nature
, of -phytoplankton dynamics in an estuary, and the close bio-physical coupling.

: Dunng a 13 hour dayhght trdal survey mvestlgatlon on 30 August l996 aggregatlon of
E dmoﬂagellates was observed in surface waters comc1dent w1th penods of reduced tldal
mlxmg, durmg the HW slack The percentage of cells of the motrle dmoﬂagellate P
trochozdeum detemnned in. the surface waters compared to the bottom waters are grven in
Table 18 In Table 19 a 51mrlar companson is made wrth the non motlle dlatom
Coscznodzscus spp Both orgamsrns appear to be well mlxed durmg the ﬂood phase whereas
at all other tlmes they show contrastmg drstnbutrons with the dlatoms generally in hrgher
nurnbers towards the bottom and the dmoﬂagellates in hxgher proportlons in-the surface

waters.

The percentages are calculated using data from all five samples over the entire water column.
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“FLOOD =+ ELOOD HW1: : HW2 : " EBB+
STAND =
SURFACE | 50 | 80 | 80 90 70
TR e e e T e ey

Table 18. Percentage of the population of Perzdznzum trochozdeum n ’the surface and bottom
layers of the water column at varying tidal phases. -

FLlooD | FLoob | HWI |  HW2 EbB

1 | sStamp p |
SURFACE | 40 = [ 30 20 0 30 1. 030
BT B e 0 N e o m

Table 19. Percentage of the population of Coscinodiscus spp -in the surface and bottom
layers of the water column at varymg tldal phases e

The contrastlng phytoplankton drstrrbutlons hlghhght the 1mportance of the asymmetry of
tidal current 1nten31ty between the ﬂood and the ebb phases in Southampton Water. The
asymmetry plays an 1mportant role in 1nﬂuencmg the temporal development and vertlcal
dlstrrbutlon of different phytoplankton populations. Although estuaries are dynamrc systems,
the cychcrty seen over a trdal cycle in Southampton Water indicates that dunng periods of up
to 6 hours (total for young ﬂood and hlgh water stands) a relatrvely stable water column may
be estabhshed Table 18 and Table 19 hlghhght the potentral for dlfferent phytoplankton
populatrons to coexist by mhabrtmg dxfferent “vertical mches (Launa et al 1999) thus
supportmg the third hypothesrs glven above ' e

The ‘\gradient Richardson number (Figure 5.0c) has been used to ‘éoniﬁaré the stabilising effect
of buoyancy (generated bya densrty gradrent) w1th the de-stablhsmg effect of vertical current
shear (Flgure 5.0b), denved from velocnty magnitude G*‘lgure 5. Oa) In Southampton Water
results from tlns study have shown that pockets of turbulence are separated in both time and
space, with a defined turbulent 1nterface during the high water stand, immediately before the
second high water. One feature of this turbulence is that it occurs at the same time as the
maximum shear in the mean current " The frictional drag at the sea bed produces a velocxty

shear at regular mtervals over a tidal cycle ‘which slows down the near bed flow relatlve to
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that higher up in the water column. This cycle of mixing and stability is regular and is
governed by the semi-diurnal tidal forcings, whereas the less predictable components are due

to meteorological events and changing riverine inputs.

Figure 5.1 (a) examines the data obtained frorn the 13 hour survey on 30 August 1996 The
percentage of the population of different phytoplankton species resrdlng in the surface and the
bottom ‘layers were separated and compared to the Richardson (Ri) numbers calculated
through time and space. “Surface” values were taken down to a level of 6 m, “bottom” values

from 6 mtotheseabed.

The ‘dinoﬂagellate Prorocentrum micans in the surface waters showed a pdsitiVe relation'ship
with Ri number up to Ri = 1.0 (r>=0.99, n =3, p<0. 07) However, under conditions of high
stability (Ri>1) the data suggest that forces other than mixing 1ntens1ty may mﬂuence the
vertical distribution (for example -downwelling 1rrad1ance) 50-90 % of the integrated
dmoﬂagellate~populat10n was found in the surface layers over the time seriesf'during day light
hours. Conversely, the diatom Co‘scihodiscuS sp showed a'streng" negative relationShip with
Ri (1=0.88, n= 4, fp<,0.07),i suggesting that the vertical position of this passive population is
linked with ‘the intense mrxmg events occurring when Ri <0.5, and that factors such as
irradiance do not exert a control on their vertical distribution. 'Thejpercentage of the 3diatem
population observed in \thefssurfacelayers' ranged betweenﬁ 10-25%, with the highest percentage

of the population at lower Ri values.

The percentage of the ‘p‘opula‘tion of these two phytoplankton ‘speeies ‘observed in the bottom
layers of the water column (Figure 5.1b) highlight the bottom aggregatien of the diatom,
whilst the percentage of the dinoflagellate’ population reduced greatly (<4,0%).’ “The
population of P. micans varied little over the time series (25-35%) in the bottom layers of the
water column in terms of water column stability, however a ksigniﬁcant negative relatienship
(r*=0.80, n = 4, p =0.02) was again observed between the pereentage of the diatom
(Coscinodiscus spp) populaticm observed in the bottom layers of the water column and the
Richardson number. This prevides further evidence for the close coupling of the distribution
of diatoms becomingkentrained and re-suspended during high shear events and again supports

the hypothesis given above.

These correlations highlight the close coupling of the diatoms’ vertical distribution and the

intensity of mixing, whilst the high percentage of the dinoflagellates in the surface waters
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during periods of low mixing, emphasises the inverse relationship between mixing and the
surface aggregation of the dinoflagellate community. At Ri numbers of ca. 2, the percentage
of dinoflagellates in the surface waters decreased, highlighting the influence of many

variables (e.g. surface irradiance) combining to control the vertical position of this motile

community.

The intermittency of turbulence over the tidal cycle proves to be an important factor for
phytoplankton residence times and their vertical position in a partially-mixed, estuarine
environment. The timescales over which the opposing characteristics of mixing and stability
occur, may combine in this dynamic estuary to permit the co-existence of different

phytoplankton groups that are typically separated in both time and space in more open water

environments.

Water Column Stability - Density Influences

The stabilising influence of density was a fundamental physical feature of the southern North
Sea investigations, where the stabilising influence of the Rhine ROFI was apparent. Wind
stress and strong tidal currents often prevent stratification in the southern North Sea, with
strong horizontal gradients of salinity close to the coast. The temporary, short-lived stability
coinciding with the fresh water influence highlighted the different phytoplankton communities
associated with distinct water masses. Certain members of the diatom community could be
used as indicators of the changing physical environment, for example the diatom Rhizosolenia
styliformis. This species initially appeared in the surface waters, but with time was also
observed at depth. The presence of an armoured, motile dinoflagellate, Gonyaulax sp., was
also associated with the temporary stability caused by the reduced salinity water mass,
however this organism was confined to the surface layers only, and reduced in number as the

fresh water plume retracted.
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Figure 5.0. Example of the de-stabilising forces during a 13 hour time series in Southampton
Water (30 August 1996). a) velocity magnitude; b) shear; and c¢) Ri numbef. Note the
dominance of boundary shear during the rapid current velocities compared to the turbulent

interface during the high water stand.
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Figure 5.1. Comparison of the Richardson Number and the % population residing in the
surface (Figure 5.1a) and the bottom (Figure 5.1b) layers of the water column. Percentages
are the average integrated population over 5 sampling points. Filled symbols represent the
dinoflagellate Prorocentrum micans; open symbols represent the diatom Coscinodiscus spp.
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Margalef (1978) has suggested that the supply of nutrients and the intensity of turbulence are
key factors determining the morphological and physiological properties of phytoplankton.
These life-forms express apparent edaptati‘ons‘ to recurrent 'patterns" of selective factors and
tend to coincide with taxonomlcal groups based on genetrc affinities. This conceptual ‘model
forms the basis of the schematlc in Figure 1.3. In prmc1ple, hlgh nutnent concentrations and
high turbulence allow the development of forms with hlgh growth rates and large cell sizes.
In a strongly turbulent medium therefore lack of motility is not a dlsadvantage This proved
to be the case for the southem North Sea coastal waters, where ‘dlatomsof greater cell volume
and longer chains 'were ‘observed ‘when increased levels of turbulence were ifevident and
nutrients were abulndent. In this predominently‘“well mixed, ctoastal-énvjjronment in October
1996, diatoms tended to be the dominant group. However, en estuary such as Southampton
- Water, which possesses i peculiar asynime’try of tidal motion plus high nutrient inputs,
presents the opportunity for both diatoms and dinoflagellate species to ""'proliferate, and in
some cases to co-exist by taking advantage of the varied ‘hydr(‘)’graphy. ‘

Water Column Stability - Other Factors Wl
The wind ‘event’that occurred during the first phase of the 25 hOujr*isurVeyaundertaken in
‘ ‘ Southaﬁtptoﬂ ~,fWélter (19 June ' 1997) highlighted the ‘i’nﬂuence of / another variable not
investigated in this study, i.e. the air-water interface acting as a boundary causi‘n‘gr shear. This
wind event was strong enough to prevent the formation of the usual water o‘olumn stability
that typically occurs during high vvater in the ‘estuary and adds another' dimension of
| intermittency to the parti_a‘lly-‘mixed“m‘a‘crotidal ‘environment. ;FOIIoWing' the wind event,
stratification was quickly re-established (can occur within 10 minutes aocording to Nunes Vaz
(1989)) during the next high water, and typical apperent migration patterns of the various

motile phytoplankton species were then observed.

The fourth hypothes1s was stated as: , :
. Boundary shear generated by tidal forcmgs wuhm an estuary causes re-suspenszon of
both the bottom sedzments and the phytobenthtc commumty, permtttmg the orgamsms to

be mtermlttent members of the pelagzc mlcroalgal commumty

The daily and spring-neap tidal forcings on the re-suspension of surface sediment were
detected durmg each of 'the,surveys, thus broadly proving this hypoth‘e"sis‘. \“Tidalire-suspension
results in the entrainment of partieulate material ku'p ‘into the water 'colurnn, and this will

include both recently settled phytoplankton and benthic microalgae. The extent of the vertical
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propagation of the benthic algal community can be compared directly to the plumes of SPM.
The extent, therefore to which these organisms are re-suspended in the water column depends
on the intensity of the benthic boundary shear. This was particularly apparent during the
spring-neap survey in August l996, wherere—s’uspension of the benthic diatoms Navicula spp
and Nitzschia spp was detected during the latter flood period and the ,e,bb ﬂoW- ‘An interesting
feature of these phytoplankton distributions was the fa'/ctthat ‘erviculat spp were re-suspended
during a lower shear 'event,s suggesting that this species~'~~is less 5fsticky?’ 'tban Nitzschia spp.
(Kierboe 1993; Kierboe et al 1990). This contrasting,rr“behar“liour","’ would make an ‘interest'mg
focus for further research, targeting the critical shear necessary: to ~re~suepend different

phytobenthic species. .~

The re-suspension of benthic speciesb of rnicroalgae Was clearly observed during spring-neap
surveys (August 1996), which have shown the distance travelled during the t,idal excursions.
As well as thepelagic phytoplankton‘ commun‘ity,and:»the,signlﬁcance:, for particulate matter,
the lnet transport for the‘benthic c‘ominunity will be landWard (Teble 16). The uppermost
i statlon sampled during these 1nvest1gat10ns was at NW Netley In any future surveys, stations
further: mland could be sampled to mvestlgate the benthlc commumty composition at the

flnmts of the tidal incursion. -

The fourth hypothesis therefore, although investigated as part of the ongoing field program,
~was not fullyvexamined,,primarilyf due to the sampling ‘problem‘srof determining: near-bed

currents and the extent of the microbenthic and"the.p‘ela'gic autotrophic communities.

5. 3 CONCLUDING REMARKS

Phytoplankton cells are typically smaller than the Kolmogorov 1ength in aquatic
: env1ronments $0 in theory the velocity field around these orgamsms should be nearly a lmear
gradlent This suggests that at the scale of the 1nd1v1dual turbulence is not an env1ronmental
property of the plankton However, in the natural env1ronment direct and mdxrect effects of
turbulence on phytoplankton become 1nd1stmgulshab1e The use of laboratory experiments
has led to the realisation that there i is indeed a dlrect effect of turbulence on phytoplankton,

which extends beyond the mterference of the light and nutrient reglmes Laboratory studies
have concluded that agitation by means of aeratron, paddle ‘wheels’,y magnetrc stirrers or orbital
shakers can ‘have detrimental effects on phytoplankton, With,dinoﬂagellates being the most

sensitive group. Diatoms, a group often associated with vertically mixed water columns,
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seem to have a turbulence threshold, as shown through laboratory experiments. Savidge
(1981) reported that cell division times of Phaeodactylum tricornutum in the exponential
phase decreased with increasing agitation in phosphate-limited cultures, but increased in
nitrate«limited cultures. Schéne (1970) showed that the mtensrty of the motion of the sea
surface was 1nverse1y related to chain length of several chain formmg diatoms, such as
Chaetoceros curwsetus and Skeletonema costatum. ~The reduction in chain length was
apparently:due to the mechan‘i)cald breaking of colonies: Resu_lts from some preliminary batch
culture experiments condueted during this study, suggested that a turbulentenvironment is
advantageous for the chain forrning'diatqm species (Rhizosolenia delicatulrz). | Chain length
increased for seven days, after which time there Was little difference in the length of chains

compared to the non-turbulent condition.

Turbulence is a key environmental property for phytdplankton and plays a'central role in
controlling or modulating the effects of other factors such as light and nutrients (Estrada and

Berdalet 1998) all of which combme to form the fundamental necessmes for growth. In

partially-mixed estuanes and to a 1esser extent shallow coastal waters mixing is caused by a
combination of mternally generated and boundary generated turbulence and meteorological

conditions w1th their relative magmtudes varymg in space and tlme

The research presented in this thesis has exarnined a number of 'parameters that influence the
biological succession of phytoplankton and can lead to the Spatial resource partitioning of
diatoms and dinoflagellates within the same timescale (Lauria ef al 1999). The accepted
theories which describe dinoflagellates in open water environmentsWher_e blooms occur under
conditions of water‘colm stability are also applicable to ﬂrnoyre highl,y dynamic ecosystems
like Southampton Water, where phytoplankton populations were shown to respond rapidly to
their external environment, and take advantage ’of the dominant hydrographic features.
Diatoms, in contrast, are reported to bloom under conditions of strong vertical mixing where
nutrients are abundant and average PAR is reduced. This study has shown that diatoms can
also form exceptional blooms in highly dynamic estuaries, where bloom events are often
short-lived (e.g. less than two weeks), even under conditions of high nutrients, vertical mixing
and adequate PAR levels. The results from this research have explored the intrinsic
relationship’ between these groups of phytoplankton and the tidal forcings which act to
ultimately control their distribution and community composition in temperate, shallow coastal

environments.
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Appendix I

DIRECT TURBULENCE EFFECTS ON PHYTOPLANKTON

ESTABLISHMENT OF MONOCULTURES

Various phytoplankton species were grown n batch cultures in the laboratory, using 200ml
volumes, each species in- duphcate (see Appendrx II, Table A2 fora list of all species). The
growth media used was a modrﬁed Keller s recrpe (Appendrx II, Table Al). All containers
and tubing used for cultures and media stocks were carefully selected to avoid a potential
leaching of toxrc compounds Borosrhcate glass and polycarbonate comcal flasks were used,
with cotton bungs covered with cheesecloth Sea water was usually collected from Calshot, in
Southampton Water and ﬁltered through Whatman GF/F ﬁlters 200ml ﬁltered sea water
(F SW) was added to each glass comcal ﬂask and sterrhsed in a Rodwell autoclave The
 sterilisation period was 30 minutes at 120°C under a pressure of 2.2 bar. Subculturing
occurred every twoweeks for all species except Prorocenirum micans, which was subcultured

every month due to its slow growth rate. -

From this culture collection various species were chosen to conduct experiments involving the
effect of turbulence on growth rate, comparing not only the effect of turbulent intensity within
a monoculture but also between species. In each case turbulence was createdby ‘bubbling air

into the batch culture.
TURBULENT GROWTH RATE EXPERIMENTS |

SMALL BATCH CULTURE TRIALS AMPHIDINIUM CARTERAE

~ Growth rates were measured for the dmoﬂagellate Amphzdmzum carterae grown in varymg
turbulent conditions (Flgure Al). 3 x llitre: Duran bottles were autoclaved with 800ml FSW
and enriched with full Keller’s nutrient recipe (no:NH“Cl). Two bottles sirnulated aturbulent
regime in which air was pumped into the cultures at varying ﬂow rates (i.e. low turbulence
50-100 cc min’'; high turbulence, 200 300 cc mm-‘) quantrﬁed usmg a flow: gauge The third
culture represented a control ‘with no bubbhng, although mlxmg d1d occur before each
sampling period to ensure a representatlve sarnple A constant temperature (15°C) was
maintained with the use of a water bath and posrtroned on a lrght bank provrdmg irradiance of
~lOOuE m? st on a 16:8hr Lrght Dark cycle Cultures were covered \mth alurmmum forl
allowing only the base to be subjected to the light source, provrdmg a constant intensity of
light throughout'the Ves'sel. CulturesWCre inoculated to giye an initial cell countof 2.6 x10°

cells l".v Cell were counted daily using an inverted‘microscope. Growth rates were calculated




Appendix I

using equation (9) in chapter two.

Cell counts continued until the end of the exponential growth phase.

Control Bottle - no
twhulence

Water Bath -
constant

; Silicon Tubing =
‘temperature’ ke S “"‘""-m-

L@

Imadiance An' Supply .
o Allbotiles coversd with :
abaminiam foil. Only light
‘source from below.

Figure A2. Schematic diagram of the c’xpe’rimentalse‘t up ~fof‘ thc smaH batéh culture studies.

Small Batch Culture Trxals hazosolema deltcatula

' Growth rates were measured for the cham-formmg dlatom Rhtzosolema delicatula grown
under varying turbulent condltlons (Flgure A3). The expenmental de51gn was based on that
used for 4. carterae, with some modlﬁcatlons. -Na, SlO,(lOpM)s‘Wasaddcd along with the
usual Keller’s nutrients and 5.0 x 10°cells 1" was the initial inoculum.  As well as cell
numbers, the actual number of cells per chain were counted. fGrbwth rates were ‘calculated

using equation (9). Cell and chain counts were conducted daily until the stationary phase.

‘Large Batch Culture Trials: Amphidinium carterae

Using a square tank(intemal dimensions 282 x 268 X 339mm)‘ growth rates of 4. carterae
were determined in a 15 litre culture. The structure of the tank prevented sterilisation through
the autoclave, so prior to use it was cleaned witha disinfecting solution (Presept tablets ~2.5g
sodium ‘dichloroisocyanurate in?2 litres) and rinsed.  Autoclaved FSW enriched with Keller’s
nutrient recipe provided the growth media. This was allowed to equilibrate in the constant
tempefature room before inoculation. A novel sampling technique (Figure A4) was
implemented to prevent any movement (stirring) within the tank, to determine the optimum

growth rate achievable in a highly stable environment. Three silicon rubber, narrow bore

I
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tubes were set in a silicon bung and placed through a side wall sampling port being held at
different vertical heights within the chamber. Samples were extracted daily to determine the
homogeneity within the culture. Before inoculation; a siphoning system was established, so
future sampling aliquots flowed freely through the tubes. Sampling in this ‘way prevented

daily intrusion into the tank which ~would create intermittent turbulen_ce Within the culture.

As such a large culture volume was used the 1n1t1a1 inoculum was 10 6 x 10° cells 1"
Temperature was kept constant at. lS"C inia temperature controlled room;;: w1th irradiance-at
100 pE m? s set ona 16; 8 hr nght Dark cycle Sampling occurred dally from each position

until the statlonary phase..

 Light Bank

Figure A4. Large culture vessel, with novel sampling port to prevent stirring of medium. -~

Large Batch Culture Trials: Rhizosolenia delicatula -

Using the experimental set up as for the previousfvexperimeut, growth rates for Rhizosolenia
delicatula were ‘determined. Two iuitial trials using R. delicatula with this ‘experimental
design proved unsuccessful, (using Keller’s nutrient recipe with the extra addition of silica).
The initial inoculum was 5.3 x lO’cells I"'. . Temperature was constant at 15°C, with irradiance
at- 100 pE m? s?! eet on a 16:8 hr Light:Dark cycle. . Sampling occurred daily from each

position uritil the stationary phase. Chain length was also determined. -

m
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LABORATORY RESULTS

Small Batch Culture Trials: 4mphidinium carterae

Cell counts (Figure ASa) and growth rates (FigureASb) are shown for Amphidinium carterae
grown under difféfent turbulent conditions. After an initial lag phase, cell numbers increased.
Maximum cell nuinbérs were observed in 'the “non-turbulent' culture. By day 12, the control
cell numbers had re'aéhes 60 x10° Cclls‘~~1;‘f; in cOthpari‘s‘dn‘ to théflow furbul'ent:‘~vessel“ '1’1> x 108
cells I and~th¢ hig‘h“' turbulent veséel ~>~'5‘.0"x 10° écllis‘lé‘.~ Cell numb"erskin ~~theéyhigh"tur,bulent
vessel, began to decrease after day 9. On day 12, turbulence waé removed from the two
vessels. Both gulmresl showed a fnarked"i‘n‘brease in cell numbers after lag period ~1 day.
Growth rates (calculéted ‘using 'equatib'n 9) mdlcated two different rates for the high turbulent
condition. K’é =0.187 between day 2 and day 9, ‘\ébmpared“tojKea =_'i 0;31‘3 for the control
during the same period. After :turbulenc‘e was ,‘réih'OV'ed, the growth rate incrfcased‘ to Ke =
0.473, compared to Ke = 0.181 in"fth'e CGntroii for the same period, which was higher than the

earlier grthh‘rate~obServed in the control batch culture. =~

Small Batch Culture Trials: Rhizosolenia delicatula
- This 'experiment; was based on the same experimental design as for the previous experiment,

monitored the growth of Rhizosolenia,delicatula;; e

After an initial 1ag phase of 4 days, growth Tates became exponentlal for a penod of 3 days
(Figures A6 ab,c). This was the case for all three treatments, although higher cell numbers
were achieved in the\non—turbulent culture (maxxmum cell numbers = 14 X 106 cells I'Y).  Cell
numbers refer to actual cells and not the nu;mber of chains per litre. The maxnnum number of
chains was reached on day 11 of the non-turbulent culture; 3: days after the maximum number
of cells'was reached. The nu_mber of cells forming each chain is shown in F1gure A6c. In the
non-turbulent condition, vth’e number of cells per chain was stable, ’ranging between 1-4. The
high turbulent condition: ha,d’ ‘the'max‘imum nﬁmbcrfof cells per,Chain ranging from 1-8, these

maximum numbers were reached on day 7, coinciding with the end of the eprnentialz-phase; :

Large‘Batc‘h Cultllfe~Trials~:‘Amphi‘dinium carterae

The dinoflagellate, Amphidinium carterae was monitored in a stable environment (Figure
A7a), where the vertical variation with depth was also examined. After an initial lag phase,
exponential growth continued for 12 days. Little vertical variation was seen between the
surface, middle and?b’Ottom samples. Affer exponential phase, many more cells were counted

in the bottom samples: A very dense culture occurred, which may have caused an irradiance

v
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gradient within the chamber, as well as self-shading of the organisms.” Maximum cell

concentrations reached 700 x 10 cells I on day 29. Mean cell numbers, depth averaged, are

shown in Figure A7b.

Large Batch Culture Trials: VRhizosolénia delicatula

The growth rate and vertical dlstnbutlon of hazosolema delicatula were monitored
(FigureA7 c). A large vertical gradlent was seen in this tank with maximum cells found at
the bottom of the tank. After 3 days, this vcrtrcal gradrent was v131ble where a bottom mat’ of
algae formed: Sample A refers to surface, B- middle and C-bottom. Due to the high
‘patchiness within this chamber, it was dlfﬁcult to 'determme whether‘m situ. growth was
occurring, or if cells were sunply smkmg out of the water column Surface. samples suggested
that some cells remamed in suspensmn ‘with cell counts showmg a pattern in vertical
distribution, i. e. cell numbers 1ncreasmg every other day. Chams observed at the surface had

a longer cham length (mean =6.5; n=8) than those at the bottom of the chamber (Mean=4.8;
n=9).

- DISCUSSION | .

In recent years, laboratory expeﬁments focuSing 'oh"~a"7dire'(:t‘ ‘effect of trbulénice” on
phytoplanktorrthave irrcrea‘sed in number. Direct effects of turbulence prove drfﬁcult to
distinguish from the 1nd1rect effects in nature whlch cause ﬂuctuatmg uradlance temperature
and nutrient environments. These" experlments were des1gned to control these variables and
focus solely on the brologlcal-physwal interaction. ’I‘hemajorlty of laboratory experiments
have centred on predator-prey contact rate'siin an often ’un‘quantiﬁed turbulent environment.
Few experiments have led to an actual turbulent dlssipation rate comparable to the natural

environment, and even less have used phytoplankton.

. Apart from the problems of quéntiﬁcation,‘~turbuleuce generation is also questionable.
Investigators have used many different methods,:each creating a different ‘type’ of turbulence
and in some cases zero turbulence, i.e. homogenous isotropic turbulence - grid generated;
heterogeneous vorticity - rotary shakers; laminar shear - Couette device. The method of grid-

generated turbulence is the most ‘understood” form of turbulence.

AERATION EXPERIMENTS
Although a “turbulent’ environment was created, it was unquantifiable. This is one of the

major problems in conducting turbulence experiments. As turbulence by definition is random

v



Appendix [

and unpredictable, simple models to calculate a dissipation: rate -do.-not exist,. therefore

measurements often remain a relative unit incomparable to real values. .-

Experiment #1 , s

The method of turbulence generaitionused: was aeration;:’, I"hisnot only mixes the culture, but
also increases the level of dissolved inorganic earben;:to L;the air-equilibrium value, - thus
altering the chemical nature. Othef physical methods of turbulence generation,do not affect
the chemical structure, fOr (example grid tﬁrbuleﬁce ‘The results show, however, that
“turbulence’ does 1nh1b1t the growth rate for 4. carterae,. and that w1th the removal of this
* turbulence, growth. rate mcreases toa rate ‘higher than that observed i in the control culture
(Figure ASa). This growth inhibition has been hnked:to a ~cell,blockage dunng, cell division
(Berdalet 1992) whieh prevehts the final stages; ’of chromOsOme - separation, after the
duplication of DNA. In each case, hght and temperature were held constant, thus removing

the main indirect effect of turbulence in nature the changmg hght chmate

- Experiment #2

The growth rates for a diatom remained very Vsimi‘lar G*‘ igure~A6a) 'whichwas expected due to

‘ Vert_lcal m1x1ng). However,, dl,fferences.were.observedm,the {numbe‘r,of ‘,cells‘;;per, chain for
each turbulent condition. Organisms in the high turbulence conditioh exhibit,longer chains
(1-8) than those in the control (1-4). “This may be advantageous in allowing a greater shear
effect along the chains, thus removing any depleted microzones and also may be beneficial in
buoyancy terms. Villareal (1988) suggests that diatom cells must be large to float, as cell
density increases exponentially as size decreases, and has observed Rhizosolenia debyana
ascending and accumulating in the surface w'atersy‘ in the Sargasso, Sea. In Southampton
Water, maximum cell numbers of R. delicatula occur in the bottom layers, suggesting a
positive advantage for not ‘floating’. However, those chains that were in the upper layers had

more cells per chain than those in the lower depths.

Experiment #3

The larger scale cultures using square tanks show A. carterae to proliferate under still
conditions with no mixing at all. Maximum cell numbers reached 7 x 10® cells 1!, with growth
continuing for up to 30 days. As thisis a ntotile organism, distribution within the chamber
was homogenous, although once stationary phase began, cell numbers increased on the

bottom., possibly due to increasing senescence. In nature, dinoflagellate blooms have always
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been linked to periods of calm weather, often during a time of strong stratification, nutrient
depletion and long daylight hours. It was postulated that, as these organisms are motile, they
move down the water column to the nutricline, where nutrient stocks are replenished and then
-return to the euphotic zone‘ with the timing of migrations governed by a positive phototaxis.
_ The perfectly still env1ronrnent created by thls experiment proved 1deal conditions for cell

prollferauon w1th cell numbers reachlng a maxxmum seven times hlgher than ‘Experiment #1.

Experiment #4 : k

The vertical d1str1but10n of R.-delicatula shows a dlstmct increase in the bottom layers where

mats formed. Due to the high patchmess w1th1n the culture it was difficult to determine
“whether growth was occurrmg, or if cells were 31mply fallmg out of the water column.
However; cells that were found in the surface samples had a longer cham length than those on
the bottom showing agreement to Vlllareal s ( 1988) ﬁndmgs on 51ze and buoyancy, although
results d1d not show the level of positive buoyancy as found for R. debyana ‘In nature, diatom
blooms are often lmked toa penod of early stratxﬁcatlon, when mlxmg occurs and nutrient
levels are high. As the water becomes calm-,,d1atoms are ,succeeded by more motile species
which then dominate. Thi'snexperiment ’suggests that R. delicatula requires some mixing to
proliferate, although other smaller cultures  flourish 'in' the absence of mixing (200 ml
cultuiés). Perhaps “‘the,‘initi'al inoculum was too small (~200 ml) for the-largervolutne used (15

litres).

VIl
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a) Amphidinium carterae cell numbers
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b) Amphidinium carterae growth rate
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Figure Al. Amphidinium carterae grown under varying turbulence. a) cell number (per litre);
 b) growth rate.
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a) Riizosolenia delicamia cell munbers.
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b) Rhizosolenia delicarula: growthrate . -
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Figure A3. Rhizosolenia delicatula grown under varying turbulence conditions. a) cell
numbers (per litre); b) growth rate; and ¢) number of cells per chain.
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a) Cell counts of A, carterae
15L batch culture, no shaking
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Figure AS. a) 4. carterae cell coclfgt};o (b)) mean ce Fgc()?l)nts A. carterae; and ¢) R. delicatula cell counts.
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TABLE Al. 4

KELLER'S MEDIA RECIPE

SALT Wr. | Prmary | VoL | wr. | workive | VoL wogk | FNAL

REQ. | S7rock | PRM. | REQ. Stock | STOCKIN - | CONC.

\D.

(g | Yorume | Stock | (o) | Voumr |  1LSEa

- WATER

NaNO, | - | - | - | 75 | wom | im | ossmm

NaGly. | - | - - o315 100m | 1m | 97uM

Vitamins

Thiamin HCL |~ - oot b b o2oum
B 1 oor g B

Biotin (H) | 001 | 100ml | 1ml | - | 100ml |  Iml | 2.05aM

B12 {001 | | i V | o3sMm |

Tris e o121 | 10m | otml | 0.99mM

NH,CI - - ) - |oosa| toom | imi

H,S¢0, 0013 | 100ml m | - ~ 100ml ml | 0.01uM

Trace Métals

MnCl,. 1.8 ‘ - , ' I 0.91uM
4H,0 ' i

ZnS0,. 023 | - | 0.08uM
7H,0

CoCL. | 010 | 100ml | 1ml - 0.04uM
TH,0 : ‘

NaMoO,. | 007 | - 100ml 1ml 0.03uM
2H,0 :

CuSo0,. 0.025 ;
TH,0

FeNa EDTA ' 0.429 12uM
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TABLE A2.
CULTURE COLLECTION
DATE SOURCE ORGANISM CULTURE
RECEIVED ) 'CONDITIONS
1991 Soufhampton Water Rhizoéoléﬁia delicatuld & | Full K* ESW*
‘ Phaeodactylum sp. k Full K, ESW
PML* ; .. Phaeocystis pouchéttii : Full K, ESW
DML* | Syﬁecqccus’ A Full K, ESW | . |
25.04.95 DML o .Jsoqh)ysis kFull K, ESW, -Tris
DML k~ - CCAP913/3 Full K, ESW - Tﬁs
DML |  om Full K, ESW
DML sy  FullK,ESW
- bML | Lo f;‘calgc:,‘;gmiﬁagq @xleyi | PullK,ESW, -Tris
DML . : Coccolithus pelagicus Full K, ESW, -Tris
October 1997 DML Skeletonema costé(um ' Full K; ESW '
DML Amphidiﬁium carterae Full K, ESW
25.04.95 DML Prérocentrum micans Full K, ESW
CCAP 1136/8

*ESW = Enriched (filtered) Sea Water

*Full K = Keller's Nutrients (Stein 1975)
*DML = Dunstaffnage Marine Laboratory, Culture Collection

*PML = Plymouth Marine Laboratory
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INSTRUMENT CALIBRATION

TRANSMISSOMETER

‘The transmissometer used is very sensitive at low turbidities, but the upper 11m1t of hnear
responsels ~25mgl* On some surveys, SPM levels were greater than the upper linear limit,
and pomts were seen to he outside the main curve at values exceedlng 25mg1 f Thls led to
some vanatlon m the linear relatlonslnp between SPM and Beam attenuance. The regressmn
coefficients are shown in Table, A3 However there was no - obvious difference in:the

calibration curves for-water samples of different depthu;

Spring and summer values were’ chosen to give a broad range of estuarine conditions. Early
May, where SPM concentratlons were below 25 mg I, late May and summer where SPM

concentrations exceeded the linear range.

FLUOROMETER o ; -

The Aquatracka III used fer> all fthe Seuthampton Water surveys, showed a good linear
regression when the chlorophyll a pigment concentration was greater than 5 mg m?. Three
main calibrations are presexited in this Appendix, however, ‘calibrations wee completed
routinely after each survey. Table A4 shows the regression coefficients for the Fluorometer
vs. chlorophyll a concentrations during a time of little phytoplankton abundance (i.e. early

May), a diatomous bloom (late May) and a dinoflagellate bloom (August).




Appendix IT]

TABLE A3
TRANSMISSOMETER CALIBRATION
Time R? ' Constan’s X coefficient
EarlyMay : 0544 | e -1.828‘“ 2.457
Late May | '0.857- | 0188 2.871
.August’ 083 | 10257 . 4.688

It
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TABLEA IV
PHYTOPLANKTON IDENTIFIED DURING THE NORTH SEA SURVEY

(OCTOBER 1996). NUMBER OF CELLS PER LITRE.
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