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Abstract

Estuaries are extensive habitats that are vulnerable to rising sea levels; a detailed
understanding of biological and physical interactions is required to predict future
change. Surveys were conducted in an estuarine system across contrasting tidal
states, of neap ebb and spring flood, to evaluate how changes in vertical turbulent
mixing affect vertical phytoplankton distributions. Profiles of temperature, salinity,
irradiance, shear microstructure and fluorescence were undertaken at multiple
stations along the Tamar Estuary, UK. Results confirmed that turbulent mixing was
predominately controlled by stratification, with lower mixing occurring on the neap
ebb tide. At stations where the average water column mixing was low, chl-a
concentrations increased in the surface waters as mixing was not redistributing cells
throughout the water column. As mixing increased chl-a concentrations became
more homogenous with depth. A decrease was observed in the chlorophyll-a /
chlorophyll-b ratio as mixing increased, consistent with photoacclimation of
phytoplankton when residing at depth. Away from significant riverine influence,
gradients in vertical turbulent mixing caused vertical advection towards areas of
higher mixing. Vertical distributions of phytoplankton should be driven by an
equilibrium between vertical advection and sinking velocity. However, turbulent
mixing gradients changed on small timescales (< 30 seconds) and so an equilibrium
could not be maintained. These results indicate that in areas where turbulent mixing
is maintained for long time periods an equilibrium could form, such as the deep
chlorophyll maxima.
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Introduction

Sea levels are predicted to rise by 0.7 m by 2100, in ‘worst’ case models, due to
climate change (IPCC, 2014). Estuaries, which tend to act as CO2 sources
(Frankignoulle, et al., 1998; Chen & Borges, 2009) represent extensive habitats that
are particularly vulnerable to rising sea levels and detailed understanding of physical
and biological interactions is needed to predict responses to change.

Phytoplankton in estuaries drive the biological CO2 sequestration pump through
photosynthesis. Vertical and spatial distributions of phytoplankton in estuaries are
driven not only by bottom up (nutrients, light) and top-down (grazing) controls but
also by interactions of tidal currents, land drainage and topography.

In coastal (case Il) waters, such as the Tamar Estuary, substances including
suspended particulate matter (SPM), gelbstoff and phytoplankton compete for
photosynthetically active radiation (PAR) in an optically complex environment (Morel
& Prieur, 1977; Prieur & Sathyendranath, 1981; Gordon & Morel, 1983). In the
Tamar estuary, both SPM and gelbstoff are in abundance (Sieburth & Jensen, 1968;
Monahan & Pybus, 1978) and their differing absorption (Bricaud, et al., 1981) and
scattering (Bowers, et al., 2009) properties change the spectrum of available light
dynamically (Bowers, et al., 1997). The euphotic zone depth, usually defined as the
1% light level, is determined by the varying concentrations of different substances.
This lowers the water volume that can support phytoplankton growth in the water
column, as well as in the benthos.

The ability of phytoplankton to survive in the estuarine system spatially from mouth
to head is dependent on tolerance to a wide range of salinities, and other
environmental factors (Ahel, et al., 1996). This leads to a general spatial distribution
of decreased concentrations in brackish waters (Lionard, et al., 2008; Gang, et al.,
2014), where species composition starts to change due to environmental stress
(Lancelot & Muylaert, 2011; Chai, et al., 2016). This change generally occurs in
multiple steps between low salinity species in the upper estuary to marine species in
the lower estuary, with low species richness in the brackish waters (Lionard, et al.,
2008; Roubiex, et al., 2008). Phytoplankton are subjected to vertical mixing and
stratification in the estuary, with well-mixed, low stratification conditions supporting
lower, evenly distributed populations, and the converse where stratification is high
(Cloern, 1991). Mixing can be driven through small scale turbulent motions (Osborn,
1980), which can determine the cell distribution in the water column (Macias, et al.,
2013; Cross, et al., 2014). In estuaries, these motions are forced by the input of
kinetic energy through tides and modulated by bathymetry. Phytoplankton are moved
within and out of the euphotic zone through these small scale motions (Machado, et
al., 2014).

In low light, phytoplankton may photo-acclimate both by increasing pigment
concentrations without altering pigment ratios between chlorophyll-a (chl-a) and the
accessory chlorophyll pigments (Geider, 1987) and acclimation by alteration of
pigment ratios between chl-a and accessory pigments is also common (Roy, et al.,
2011). Ratios between chl-a and chlorophyll-b (chl-b) has been found to decrease
due to irradiance decreases, with an increase in chl-b (Falkowski & Owens, 1980).
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In this study, the relationships between microstructure turbulence and phytoplankton
distributions and pigmentation were investigated along the Tamar Estuary, UK. Four
surveys were undertaken to collect vertical profiles of temperature, salinity,
irradiance, shear microstructure and fluorescence to assess how the rate of turbulent
dissipation of kinetic energy, ¢, affects the concentration of phytoplankton in the
water column.

Methods

The Tamar Estuary and River (Figure 1) is 31 km long from Plymouth Sound to Weir
Head, with semi-diurnal tides. Mean tidal ranges throughout the survey period were

3.4 m, with maximum and minimum ranges of 5.6 m and 1.0 m (Figure 2) (Uncles &

Stephens, 1990).

The estuary has 3 main sources of freshwater including the River Tamar above Weir
Head and the rivers Tavy and Lynher. The River Tamar supplies the majority of this
freshwater with the Tavy and Lynher providing about 30 and 20% respectively of the
Tamar’s input (Uncles & Stephens, 1990).

Meteorological data was accessed from Plymouth Marine Laboratory’s (PML)
meteorological station (Figure 1). Data was collected daily for the duration of the
survey (Figure 2), which included wind speed and rainfall.
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Figure 1: (left) Map of the UK, with insert indicating region of sampling location. (right)
Map of the Tamar Estuary, displaying sampling locations (marked labels A-D), and also
indicates PML weather station. (not displaying full extent to Weir Head)
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Figure 2: Meteorological data for the survey period collected at PML’s
meteorological station, indicating rainfall (inferring freshwater inputs) and wind speed
before and during each survey. Vertical blue lines represent individual surveys.

Hydrodynamic Data

Surveys were conducted on a near monthly basis between June and

September 2016, on two tidal states of neap ebb (NE; August - 224) and spring flood
(SF; September - 259) (Table 1) to capture differing tidal energy inputs. An additional
survey on the spring flood tide (SF2; July - 183) was also conducted. Station
locations were chosen to ensure a minimum water depth of 5 m was obtained to
allow for instrument deployment. Instrumentation and sensors are described in
Appendix A.

Biospherical Instruments), sampling at 1 Hz, collected irradiance profiles
simultaneously with CTD profiles. Surface irradiance was collected by a deck unit,
such that changes in surface irradiance could be accounted for in the depth profiles.

The density profile can be represented by the square of the buoyancy frequency, N2,
calculated as;
A 1)
N?2 = _92P
pPo Az

where g is the acceleration due to gravity, po is a reference density and Ap/Az the
change in observed density with depth, z. The reference density for each profile was
taken as the surface value.

The diffuse attenuation coefficient, Kq, was calculated for each of the PRR
wavebands, centred on 412, 443, 488, 510, 560 and 665 nm. An additional PAR
waveband was also used. Kd was determined from the linear regression of In(E(2))
against z, where E(z) is the irradiance at depth.
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Table 1: Location and tidal information of stations surveyed on each tidal state. This
includes the time around maximum neaps tides, the tidal state on the day each station
was survey and the tidal range.

Springs Flood Neaps Ebb
Survey Dates Station Neaps +5 days Neaps -2 days
(Decimal Day) HW =17.66 HW =11.81
Tidal Range =4.2m| Tidal Range =2.1m
A
Spring Flood (500 21' 16.06" N, HW -5.72h HW +3.74h
15th September | 4°10°2.71"W)
Day 259 B
(50° 24' 36.81" N, HW -0.03h HW +2.36h
Neap Ebb 4°12'7.76" W)
11th August
Day 224 C
(50° 27" 23.06" N, HW -0.88h HW +1.43h
Spring Flood 2 4°14'0.39" W)
1st July D
Day 183 (50° 29' 53.71" N, HW -1.65h HW +0.05h
4° 13'7.62" W)

The euphotic zone was defined as the water column above the 1% light level. This
was calculated for the PAR waveband using the Beer Lambert Law (Kirk, 1994);

Ln(0.01) (2)
" K4(PAR)

219 =

The Microstructure Sensing System (MSS; ISW Wassermesstechnik), sampling at
1024 Hz, was deployed for three casts in short succession immediately after the
CTD cast. The profiler was allowed to fall freely to within 1 m of the seabed. Profiler
buoyancy was controlled by buoyancy and weight rings, with a single adjustment
required at salinities below 5 giving fall speeds of 0.5 — 0.7 ms™. Estimates of € were
derived using the density overturn method (Thorpe, 1977; Appendix B) and using the
turbulent shear data (Osborn, 1980; Appendix C). Parameters were averaged across
the three casts.

The vertical turbulent motions were then characterised by the diapycnal diffusivity,
Kv, computed as;
&
Kv - Fo F (3)
(Osborn, 1980). The mixing efficiency, I,, was taken as 0.2 but can range between
0.05 to 0.7 in ocean systems (Yamazaki & Osborn, 1993; Gargett & Moum, 1995).

Chlorophyll Analysis

Water samples were collected from the surface and 1 m from the seabed with a van
Dorn water sampler. These were frozen for a maximum of 3 weeks before analysis.
Analysis followed Strickland and Parsons (1972) with modifications: Instead of
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centrifuging, silicon-zirconia beads were added to the vial and the sample, with 0.24
ml of 90% acetone, agitated in a beadbeater (Mini Beadbeater TM, Biospec
Products) until the filter had disintegrated. The pulp was then filtered through a 0.2
pm filter into the 1 cm cuvette.

Spectra were recorded between 350 — 750 nm, at 2 nm bandwidth, to calculate chl-a
and chl-b concentrations using trichromatic equations derived by Jeffery &
Humphrey (1975); (4)
C, = 11.85A4¢, — 1.544,, — 0.08443,
Cp, = 21.034¢47 — 5434555 — 2.66A430

where Ax is the absorbance value at wavelength A nm. Some spectra included a
detritus signal that was removed by calculating an exponential curve between 350 to
750 nm using equation 5;

Ay = Aggg * e 7350, 5 = _ln(f:;?)c:gggso) (5)
where Ax and Asso are absorbance values. o is the spectral slope of this curve, and
was determined as in equation 5.

Chl-a measurements from discrete water samples were used to produce calibration
curves for both fluorometers (see Appendix D).

Results and Discussion

Irradiance and Light Availability

Surface irradiance for the spring flood (SF) were ~10% of the neap-ebb (NE) values
due to increased cloud cover (Figure 3B).

For both tidal periods, Kq increased from station A to D with the strongest
attenuation, 6.5 m, at 412 nm, observed at station D (Figure 3A). Kd was 0.3 m!
higher on the SF compared to the NE conditions at stations A and B. A greater
difference of 1.2 m™* was observed at station C. Values at station D could not be
compared as light had attenuated below the PRR detection limit within the first 0.5 m
on the SF.

The attenuation spectrum was flattest at station A on both tides. Between stations A
and D the attenuation increased near linearly for the red (560 and 665 nm) light,
indicating an increase in scattering from suspended particulate matter (Bowers, et
al., 2009). A significant correlation was found between Kq4(665 nm) and suspended
particulate matter (R? = 0.8735, p < 0.01, n = 10) consistent with an increase in
particulate scattering. Attenuation in blue wavebands (412 and 443 nm) increased
markedly from station A to D. Kd(412 nm) > Kd4(443 nm) at stations A, B and D
suggested an increase in gelbstoff concentrations in the fresher water (Kirk, 1994), in
contrast to station C where relatively higher Ka(443) would indicate a chl-a signature.

The increase in light attenuation moving upstream from station A causes a shoaling
of the euphotic depth, from >10 m to 3 m, and zi% did not exceed the bottom depth
at any station (Figure 3B).
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Figure 3: (A) Diffuse Attenuation Coefficient (Kq) displayed for each of the six
PRR wavebands, for each station surveyed. Solid line is the survey on the
neaps-ebb (NE), and the dashed line is the springs-flood (SF). Lines that aren’t
present or are partially present indicate where irradiance was attenuated to
below the PRR’s sensitivity in the first 0.5 m. (B) Euphotic zone depth calculated
as the 1% light level for PAR, for both the Spring Flood (Orange) and the Neaps
Ebb (Blue). Points not present indicate areas where light was attenuated such
that Kq could not be calculated. Black line indicates depth of the seabed.
Dashed lines indicate the surface PAR irradiance for each station, and
corresponding tide.
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Figure 4: (A) Number of samples per log:o 0.25 bin of € for the two tidal states, flood-
springs (orange) and ebb-neaps (blue), estimated from MSS shear data. (B) Same as (A)
but € estimated through Thorpe scales. (C) Number of samples per logio 0.25 bin of N? for
the two tidal states calculated from CTD density profiles. (D) Number of samples per logio
0.25 bin of K, for the two tidal states calculated using MSS shear estimated €. (E) Same as

(D) but calculated using Thorpe scale estimated ¢.
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Temporal distributions of €, N> and Kv

As the CTD sampling frequency (4 Hz) was too low to resolve the microstructure
density inversions that the density overturn method requires, estimates of € were
made with the MSS shear data (esn) and MSS density profiles (ei). €, N2 and Ky
values for NE and SF are shown in Figure 4. esh spanned similar orders of magnitude
(Figure 4A) for the two tidal states though with greater variations in €sh during NE,
with values ranging from 108 < esh < 10 m?s® compared to 10 < esh < 10-4 m?s3
for the SF. A similar trend was found for €t (Figure 4B) however a larger number of
values below 107" m?s2 was found in NE in a possible bimodal distribution with
maxima at O(10%° m?s3) and O(10°>° m?s3). esh was on average O(10° m?s3)
throughout both tidal states; an order of magnitude higher than the values
determined through Thorpe scales.

The wider range of € on the NE is consistent with previous studies (Peters &
Bokhorst, 2000), where the enhanced dissipation rates due to tidal forcing are
supressed to below the pycnocline, leading to enhanced ¢ at the seabed, and near
constant € in the remaining water column. The smaller range in € on the SF is
consistent with Peters and Bokhorst (2000) although their values were higher at
O(1045> m?s3),

N2 ranged from 10 < N? < 101 s during the NE (Figure 4C), indicating high spatial
variability in stratification. A lower range of 10->° < N2 < 10-%2% 52 was found for SF.

€ on both tidal states was on average O(10° m?s) indicating that Kvwas
predominately controlled by N2. Kv was calculated for both estimates of €, leading to
parameters Ky shyand Ky () for the respective estimation methods.

SF showed higher values of Kv (Figure 4D, 4E) ranging from O(10-3 < Ky (sh) < 10°
m?st). These enhanced values indicated more rapid mixing due to turbulent motions
that are not suppressed by stratification. A larger range of O(107 < Ky sh) < 10"t m?s-
1) was found for NE. Ky ¢t spanned the same range with an order of magnitude
decrease.

Spatial distributions of €, N°> and Ky

€ remained constant throughout the water column at all four stations, except at the
surface and the seabed. Surface € were generally an order of magnitude higher, with
the seabed either an order of magnitude higher or lower, reinforcing stratification-
driven Kuv.

N2 indicated increased stratification moving from Station A to D, on both tidal states
(Table 2). SF had N? O(10 s?) throughout all stations except station D where an
increase to O(107° s?) was observed.

Station A on the NE showed a similar order of magnitude to the SF. Stations B, C
and D compared to the SF showed a minimum increase of an order of magnitude on
the NE.
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Changes in Ky were examined in terms of Ky sh) where Ky oy was an order of
magnitude lower. Kv showed a reversed trend spatially to N? where station A had
highest Kv at O(10' m?s) on the NE. Kv decreased from station A to D with a
minimum of O(102 m?2s) at station D. On the SF stations B and C displayed higher
Kv at O(10! m?s1), with an order of magnitude decrease at both stations A and D.

Table 2: Spatial and temporal distributions in both K, and N? for each station on both
the Neaps Ebb and Spring Flood. Results here reinforce that differences in K, between
stations (and surveys) are largely controlled by changes in N2.

Neap Ebb Spring Flood
log1o Kv (sh) logio N? log1o Ky (sh) log1o N?
Station (m?s1) (s (m?s1) (s2?)
A -0.88 £1.09 -3.88 £ 0.65 -1.02 £0.61 -4.16 £ 0.36
B -1.38£1.31 -2.46 £0.15 -0.56 £ 0.45 -4.61 £0.47
C -1.84 +£0.72 -2.62 £ 0.77 -0.82 £ 0.63 -4.13 £0.32
D -2.50£0.42 -2.94 £ 0.69 -1.49£0.43 -3.63 £0.20

This demonstrates the reduced vertical mixing due to turbulent motions, and
increased water column stability, on the NE as seen in previous studies (Cloern,
1991, Peters, 1997).

Phytoplankton and Ky

The amount of vertical mixing due to turbulent motions determines the vertical
structure and concentration of chl-a in the water column (Figure 5A; R? = 0.8582, p <
0.01, n = 12). As the average water column Ky decreases, chl-a concentrations in

the surface 1 m increased. The ratio between the surface 1 m total chl-a and the
total water column chl-a decreased exponentially with increasing Kv. This was
observed as a homogenisation of the water column chl-a concentrations. Low Kv
conditions reduce phytoplankton sinking velocities (Ruiz, et al., 2004), and mixing is
slow, such that phytoplankton remain in the euphotic zone. Cells are not
redistributed through the water column and vertical chl-a distributions maximise
productivity in the water column (Tilzer & Goldman, 1978). In turbid waters, chl-a
profiles are expected to follow the exponential decrease in irradiance with increasing
depth to a background chl-a concentration. Increased Kv causes chl-a in the surface
waters to be mixed due to increased sinking speeds (Ruiz, et al., 2004), so that chl-a
concentrations become near homogenous with depth. This is consistent with Cloern
(1991), who used a homogenous water column Ky model that incorporated changing
Kv due to spring-neap tidal cycles. Increased surface chl-a concentrations shortly
after neap tides were found due to low Kv. During spring tides, increased Kv
dispersed phytoplankton cells. Increased € and decreased N? (used to infer
increased Kv), due to increased wind forcing can also disperse phytoplankton on
shorter timescale (hours) (Cross, et al., 2014).

The chl-a/ chl-b ratio at the surface was also related to Ky (Figure 5B;
R? =0.7146, p = 0.0135, n = 12). Increased Ky was found to be associated with a

[49]
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Figure 5: (A) Average water column logio(Kv) across the three surveys scattered
against the surface 1 m chl-a to total water column chl-a ratio. This indicates as
turbulent mixing increases the water column chl-a becomes more homogenous. If
Ky is low, chl-a profiles show higher concentrations in the surface. (B) Average
water column K, against the surface chl-a / chl-b ratio. Indicating an increase in the
ratio as mixing is decreased, where phytoplankton stay at the surface. As K,
increases phytoplankton from the surface are mixed through the euphotic zone and
so the ratio decreases as photoacclimation occurs.
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decrease in the ratio, indicating photoacclimation of phytoplankton to the
irradiance conditions. Low Kv causes phytoplankton to be slowly mixed,
remaining in similar irradiance conditions for long time periods (Cullen &
Lewis, 1988). Irradiance at the surface has undergone limited spectral
change (in <10 cm of water), such that chl-a remains an effective pigment
for light harvesting. Increased mixing, as Ky increases, moves phytoplankton
throughout the euphotic zone, and below. Irradiance at depth has
undergone varied attenuation across the PAR spectrum (Figure 3A) such
that chl-a absorption below 500 nm has limited efficiency. Photoacclimation
through pigmentation changes as phytoplankton reside at depth decreases
the chl-a/chl-b ratio before cells are reintroduced to the surface (Falkowski &
Owens, 1980; Cullen & Lewis, 1988). It must be noted that this pigmentation
change could also indicate a species composition change when moving
from marine to freshwaters (Lancelot & Muylaert, 2011), as was observed
by Chai, et al (2016) in the Pearl River Estuary. However, salinity has
limited effect on the chl-a/chl-b ratio (Figure 6; R> =0.2471, p = 0.4638, n =
11), indicating a species composition change isn'’t significantly affecting the
ratio. Similar observations of the chl-a / chl-b ratio from phytoplankton near
the seabed showed no statistically significant correlation (R? = 0.3564,

p = 0.2820, n = 11) between the chl-a / chl-b ratio and Ku.
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Figure 6: chl-a/chl-b ratio (crosses) against salinity to evaluate if a species
composition change influenced the distribution in phytoplankton pigments. No
statistical correlation was found between the two (R? = 0.2471, p = 0.4638, n = 11),
indicating a species composition change had limited effect on the chl-a/chl-b ratio.
Acpom(350 nm) was also plotted to demonstrate the change in riverine influence
across the salinity range (R? = 0.500, p = 0.093, n =12). Indicating the near 0
absorbance in the higher salinities as found at station A, suggesting limited riverine
optical properties.
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Mixing below the euphotic zone would initially drives an increase in pigmentation per
cell as a photo-adaptive response followed by a decrease in pigments, due to
pigment decomposition, unless phytoplankton are reintroduced to the euphotic zone
prior to cell death (Tilzer, et al., 1977). If mixed below the euphotic zone for 30 days,
a decrease in chl-a concentrations in phytoplankton of around 50% was observed by
Tilzer, et al. (1977).

Phytoplankton and gradients in Ky

To examine phytoplankton pigment concentration and gradients in Ky vertically,
station A was used as it had the greatest water depth and negligible riverine optical
properties. No correlation was found pigment concentrations and gradients in Ky
when examining averaged MSS profiles (not shown).

Kv and chl-a concentrations changed on small time periods (<30 seconds) between
the three averaged profiles (Figure 7A). Individual MSS profiles showed variations in
Kv of as much as three orders of magnitude. Similarly, chl-a concentrations could
vary by as much as 1 mgm-3.

Applying the same process to individual profiles, gradients in Ky was associated with
a change in chl-a concentrations (Figure 7B; R? = 0.1384,

p =0.0112, n = 335), where positive gradients were attributed to positive increases
in chl-a. A reciprocal change was seen with negative gradients. This suggests that
concentrations of chl-a are increased, due to convergence, at areas of higher Kv.
This is counter intuitive if increased sinking velocities from higher Kv (Ruiz, et al.,
2004) were the sole driver of the distribution.

Visser (1997) examined this process through modelling Kv and phytoplankton.
Advection from lower to higher Ky areas due to differences in the kinetic energy of
the eddies introduces a net motion towards higher Kv (Hunter, et al., 1993), thus
driving distributions. Due to advection the peak in chl-a would occur where the net
advection and phytoplankton sinking velocities (Ruiz, et al., 2004) are balanced,
offsetting the peak in chl-a from the peak in Kv. In the deep ocean, the deep
chlorophyll maxima (DCM) are consistently observed below the peak in Ky (and ¢€)
(Macias, et al., 2013), reinforcing this theory. The weak correlation for this process
(Figure 7B) is likely due to the timescale at which Kv was maintained. Figure 7A
shows Ky changes on timescales of 30 seconds, if not smaller, indicating a low
temporal memory for turbulence (Pelegri & Sangra, 1998). Thus the advection of
phytoplankton is unable to reach an equilibrium state with the sinking velocity. The
DCM must partially be maintained by a high temporal memory for turbulence, where
changes can cause instabilities to form (Huisman, et al., 2006). This indicates a long
temporal memory for turbulence must occur for distributions to reach equilibrium.
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Figure 7: (A) Three repeat MSS casts for station A on the SF survey, to indicate the
variability on <30 second time scales of both K, (left panel) and chl-a profiles (right
panel). Each profile is ~30 seconds apart in the order; Blue, Orange to Yellow. (B) The
effect of gradients in K, on chl-a in the water column. Positive gradients in K, indicate
an increase in K, moving towards the surface where negative gradients indicate the

opposite.
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Conclusions

Turbulent mixing is shown, to be a parameter that controls phytoplankton vertical
distributions. Low Ky allows chl-a concentrations to increase in the surface waters.
High Kv causes surface chl-a to become homogenised throughout the water column.
This reinforces results from previous studies (Cloern, 1991; Cross, et al., 2014).

Changes in the chl-a/chl-b ratio observed also reinforce this interpretation of mixing.
Phytoplankton that are mixed slowly, and remain in the surface waters, (low Kv) have
a higher chl-a/chl-b ratio due to limited spectral change in the irradiance they reside
in. Higher mixing (high Kv) causes phytoplankton to be mixed throughout the
euphotic zone. Varied attenuation over the PAR spectrum causes a spectral change
in the irradiance that negatively impacts the efficiency of chl-a, such that
photoacclimation decreases the ratio before phytoplankton are reintroduced to the
surface.

Gradients in Kv determine the vertical distribution of phytoplankton. An equilibrium
between sinking velocities and advection to higher Ky areas drives vertical
distributions. However, Ky fluctuated on time periods <30 seconds which prevented
an equilibrium from forming and a weak correlation was found between the gradient
in Ky and chl-a concentrations.

Further research is required throughout areas of differing temporal variabilities of Ky,
to determine whether an equilibrium between advection and sinking velocity can be
maintained. Improving the resolution at which € can be determined would allow for a
finer scale determination of this equilibrium, although this requires improvements to
instrumentation. Measurement of primary productivity as well as a wider range of
accessory photosynthetic and photo-adaptive pigments would aid interpretation of
the phytoplankton response to turbulence in coastal waters. Numerical models would
benefit from further investigation to better model changes in estuaries due to sea
level rise.
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