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" Local, small-scale (<5 km) circulation
patterns in昀氀uence algal sampling
outcomes.

" Submesoscale (<10 km) eddies form
due to deglaciated geomorphology.

" Near surface turbulence increased algal
cell counts measured at the surface.

" Local algal cell accumulation occurs at
tidal (<1d) and seasonal timescales.
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A B S T R A C T

Understanding local hydraulic conditions is imperative to coastal harmful algal bloom (HAB) monitoring. The
research summarized herein describes how the locations and tidal phases selected for coastal hazard sampling
can in昀氀uence measurement results used to guide management decisions for HABs. Our study was conducted in
Frenchman Bay, Maine, known for its complex deglaciated coastline, strong tidal in昀氀uence, and shell昀椀shing
activities that are susceptible to problematic HABs such as those produced by some species (spp.) of the diatom
genus Pseudo-nitzschia. In-situ measurements of current velocity, density, and turbulence collected over a
semidiurnal tidal cycle and a companion numerical model simulation of the study area provide concurrent ev-
idence of two adjacent counter-rotating sub-mesoscale eddies (2–4 km diameter) that persist in the depth-
averaged residual circulation. The eddies are generated in the wake of several islands in an area with abrupt
bathymetric gradients, both legacy conditions partly derived from deglaciation ~15 kya. Increased concentra-
tions of Pseudo-nitzschia spp. measured during the semidiurnal survey follow a trend of elevated turbulent
dissipation rates near the water surface, indicating that surface sampling alone might not adequately indicate
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species abundance. Additional measurements of Pseudo-nitzschia spp. from two years of weekly sampling in the
region show that algal cell abundance is highest where residual eddies form. These 昀椀ndings provide incentive to
examine current practices of HAB monitoring and management by linking coastal geomorphology to hydraulic
conditions in昀氀uencing HAB sampling outcomes, coastal morphometric features to material accumulation hot-
spots, and millennial time scales to modern hydraulic conditions.

1. Introduction

Harmful algal blooms (HABs) are a relevant concern for coastal
shell昀椀shing activities, such as aquaculture and harvesting, because
many species of HABs produce toxins that accumulate in shell昀椀sh and
can cause illness when consumed by humans. For instance, some species
of the marine diatom genus Pseudo-nitzschia can produce domoic acid, a
biotoxin responsible for Amnesic Shell昀椀sh Poisoning, a neurological
syndrome that can potentially be fatal (Bates et al., 2018). Coastal water
circulation and mixing have been found to in昀氀uence HAB growth and
transport in estuaries (Glibert et al., 2005; Gentien et al., 2005; Pitcher
et al., 2010; Qin and Shen, 2019) and therefore have direct implications
for monitoring and management strategies surrounding HABs. Previous
studies have linked rotational circulation patterns described as “eddies”
to the retention and transport of HABs along the west coast of North
America (Anderson et al., 2006). One such eddy, the Juan de Fuca Eddy
off the Washington state coast, is an example of a seasonally varied,
mesoscale (horizontal scales on the order of ~10–100 km) eddy with a
diameter of ~30–60 km that has been found to in昀氀uence HAB dynamics
(Trainer et al., 2002, 2009; MacFadyen et al., 2005, 2008). Greater focus
on smaller-scale eddies (sub-mesoscale eddies, under 10 km diameter),
particularly near coastlines, is necessary because of the concomitant
increases in seafood farming (FAO, 2022) and prevalence of HABs
around the world (Anderson, 2009). At present, regulatory monitoring
for HABs, which often informs the spatial extent of regional closures to
shell昀椀shing activities, is typically localized over small spatial scales.
Knowledge of the connections between localized geomorphic condi-
tions, modern tidal hydraulic conditions, and physical HAB dynamics is
therefore necessary to advance coastal monitoring and management
strategies in complicated estuary sub-embayment areas with shell昀椀sh
harvesting activities.

Geomorphic features such as islands, headlands, and bathymetric
gradients can in昀氀uence tidal hydraulic conditions by steering 昀氀ows and
producing vorticity (i.e. rotation of the 昀氀ow) in localized areas
(Zimmerman, 1978; Pingree, 1978; Pingree and Maddock, 1980; Zim-
merman, 1981; Geyer and Signell, 1990; Signell and Geyer, 1991). Lo-
cations of accentuated vorticity that appear as eddies can be transient,
manifesting only on speci昀椀c phases of the tide (e.g. Trinast, 1975; Geyer
and Signell, 1990; Signell and Geyer, 1991; Brooks et al., 1999) or under
speci昀椀c weather conditions (Li and Weeks, 2009). The vorticity created
by the tidal 昀氀ows can manifest in the mean (residual) 昀氀ow to produce
tidal residual eddies (Pingree, 1978; Zimmerman, 1978; Robinson,
1981; Zimmerman, 1981). These eddies can impact exchange between
an estuary and the ocean (e.g. Yang and Wang, 2013), and therefore
have consequences for material transport and sampling outcomes, of
particular concern in relation to monitoring for shell昀椀sh management
purposes during HAB events. Moreover, eddies can exacerbate HABs in
coastal zones by limiting the advection of phytoplankton (MacFadyen
et al., 2008; Qin and Shen, 2019), enhancing growth by bringing
essential nutrients to the surface (Coria-Monter et al., 2017) and
possibly even increasing toxicity by entraining blooms in nutrient-
limited zones (Anderson et al., 2006). These dynamics raise concern
for the susceptibility of areas with complex coastlines to HAB events.
Further, HAB monitoring programs often conduct sampling on a weekly
basis (Anderson et al., 2001), which is too infrequent to resolve the in-
昀氀uence of some physical processes on bloom formation, like tides and
the localized circulation patterns that form on speci昀椀c tidal phases.

Eddies generated by 昀氀ow interactions with geomorphic features such

as headlands can produce near-surface mixing decoupled from shear-
driven mixing near the bottom of an estuary (Spicer and Huguenard,
2020). As vertical mixing in the water column can in昀氀uence the distri-
bution of material suspended there, an enhancement of near-surface
mixing would allow the upper water column to become increasingly
homogenized, and for material to be advected to and from the surface.
Further, tidal 昀氀ow interactions with bathymetric features can induce
vorticity and mixing that can transport materials from deeper in the
water column to the surface. This effect was observed in the Gulf of
California, where the upward 昀氀ux of nutrients increases phytoplankton
concentrations near the surface (Salas-de-León et al., 2011). Despite the
known in昀氀uence of vertical mixing on advection of suspended materials,
consistent associations between coastal geomorphology, circulation
patterns, timing and locations of enhanced mixing, and monitoring for
HABs remain to be speci昀椀cally identi昀椀ed, especially over small spatial
(<10 km) and temporal (<1 d) scales.

Coastal Maine (USA) is characterized by estuary conditions shaped
by the mechanical work of deglaciation ~15 kya (Borns et al., 2004).
Consideration of the interactions between coastal geomorphologic fea-
tures and tidal currents is particularly relevant to the area given the
complicated conditions left behind by glacial erosion and deposition
processes. Maine has approximately ~5,600 km of rugged coastline and
a growing aquaculture industry that is facing increasing vulnerability to
HAB events (Bates et al., 2018). This vulnerability creates a demand for
a better understanding of circulation and mixing dynamics in the em-
bayments and estuaries along the coast of Maine to support decision
making related to 昀椀sheries management. Accordingly, the goal of this
study is to connect coastal geomorphological features to modern local
hydraulic conditions and outcomes from estuary water sampling ap-
proaches similar to those used to monitor HAB events affecting shellf-
ishing activities. Three primary objectives were targeted to direct this
study: 1) Quanti昀椀cation of estuary circulation and mixing patterns over
the duration of a tidal cycle in a location governed by hydraulic forcings
from coastal geomorphological features; 2) Identi昀椀cation of the linkages
between estuary circulation and mixing patterns to speci昀椀c coastal
bedrock landforms, estuary bathymetry, and tidal conditions; and 3)
Examination of the associations between local hydraulic conditions and
concentrations of suspended and dissolved constituents collected in
water samples, speci昀椀cally phytoplankton cells and nutrients.

The remainder of this manuscript will include a description of our
study site, Frenchman Bay, which is located near Acadia National Park,
in Section 2. In Section 3 we describe the methodology of our study, and
in Section 4 we present and discuss our results, highlight the implica-
tions of our 昀椀ndings for monitoring and management of HABs, and
discuss the limitations of our study. Conclusions based on our results are
drawn in Section 5.

2. Study site

In 2016, toxic Pseudo-nitzschia australis (P. australis) cells were
detected in estuaries and coastal embayments in the Gulf of Maine for
the 昀椀rst time, forcing the Maine Department of Marine Resources
(MEDMR) to make extensive closures of the regions estuaries to shell昀椀sh
harvesting and aquaculture farming (Bates et al., 2018; Clark et al.,
2019). P. australis is one of the 26 species of Pseudo-nitzschia known to
release domoic acid, the biotoxin responsible for the potentially life-
threatening illness Amnesic Shell昀椀sh Poisoning (Bates et al., 2018).
Our study focuses on Frenchman Bay, Maine, a region within the Gulf of
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Maine (Fig. 1a) that was impacted by the 2016 HAB event. Located next
to Acadia National Park on Mount Desert Island (Fig. 1b), Frenchman
Bay has signi昀椀cant economic and social importance. Local 昀椀shermen
depend on the bay for its economically proli昀椀c shell昀椀sh harvesting,
lobstering, and aquaculture industries. At present, there are over forty
active permitted or leased aquaculture areas in Frenchman Bay and its
surrounding estuaries (Maine, 2022a – accessed 12/04/2023). These
lease sites are susceptible to emergency harvesting closures due to the
detection of biotoxins produced by HABs during weekly regulatory
biotoxin monitoring (Maine, 2022b).

The mechanical work of glacial advance and retreat of the Laurentide
ice sheet resulting from the last ice age shaped the contemporary coastal
terrain and waterways around Mount Desert Island (Borns, 1973 and
references therein; Borns et al., 2004; Braun and Braun, 2016). After
glacial retreat and land rebounding (nearly 14,000 years ago),
Frenchman Bay was elevated above sea level and became a glacial lake,
lending to the sharp bathymetric gradients and numerous islands that
are features of the bay today (Braun and Braun, 2016; Borns et al.,
2004). Several islands (i.e., Porcupine, Ironbound, Jordan, and Stave
Islands) form a chain near the entrance of the bay in a location coinci-
dent with a remnant glacial lake shoreline. Carved between these islands

are deep channels, reaching depths of over 90 m (Fig. 1b). The bay itself
is roughly 11 km long (north to south) and 23 km wide (east to west).
The tides are semidiurnal (~12 h) dominant with an amplitude of
approximately 2.16 m based on a tide gauge station at Bar Harbor
(Fig. 1b; Alahmed et al., 2022). The tidal range for this area varies
fortnightly, with a maximum range of 4.5 m during the spring tide and 2
m during the neap tide (Davies, 1964).

Frenchman Bay receives freshwater from numerous streams but has
relatively low cumulative in昀氀ow from these sources. The most notable
input comes from the Union River, located on the western side of Mount
Desert Island (MDI), which contributes an annual average 昀氀ow of ~28
m3s−1 to the region (Alahmed et al., 2022). The water on the western
side of Frenchman Bay is exchanged with that of the eastern side of
Frenchman Bay only through a narrow channel (~40 m, measured using
Google Earth) located to the north of MDI (Fig. 1b). Other sources of
freshwater input on the eastern side of MDI (to the east of the narrow
channel in Fig. 1b) total an average annual discharge of <10 m3s−1,
estimated using the United States Geological Survey (USGS) StreamStats
昀氀ow estimates for nine of the main tributaries in the region (streams 1–9
in Fig. 1b; U.S. Geological Survey, 2019; https://streamstats.usgs.
gov/ss/ - accessed 7/10/23). Flows estimated by StreamStats are

Fig. 1. a) Study region relative to the Gulf of Maine. b) Numerical model domain showing the bathymetry of the region, with stream boundaries (blue dots)
numbered 1–10. Also shown are the sampling locations for the tidal cycle survey measurements on June 15th, 2022, Stations 1, 2, and 3 and the ADCP transect
(black, dashed line), and the locations of weekly sampling (blue and yellow stars). Note that the weekly sampling stations include three ‘stream stations’: Union,
Kilkenny, Egypt; three ‘nearshore stations’: Jordan, Sullivan, Stave; and two ‘bay stations’: Station 2 and Station 3. In the legend, PN stands for Pseudo-nitzschia spp.
Panel a) map source: M_Map software (Pawlowicz, 2020).
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generated following the method of Dudley (2015). The nine tributaries
considered in this estimate and Union River are included as freshwater
boundaries in the numerical model domain (blue dots in Fig. 1b), the
details of which are presented in Section 3.2 (see also Table A1 in the
Appendix for monthly average discharges for these streams).

3. Methods

3.1. Tidal cycle measurements

Data were collected along a ~4 km transect on June 15th, 2022
(Fig. 1b) under calm wind conditions, with max gusts under 6 m/s
(National Oceanic and Atmospheric Administration [NOAA], n.d.;
https://tidesandcurrents.noaa.gov/met.html?id=8413320, not shown).
No precipitation was received in the area on this day, nor was any
received in the few days preceding it (National Centers for Environ-
mental Information [NCEI], n.d.; https://www.ncei.noaa.gov/cdo-web/
datasets/LCD/stations/WBAN:14616/detail, not shown). It is therefore
assumed that wind and freshwater forcing were minimal during this
昀椀eld campaign, and that tidal forces dominated. North-South (N-S) and
East-West (E-W) current velocity pro昀椀les were collected throughout the
water column with a vessel-towed 300 kHz RDI Workhorse Acoustic
Doppler Current Pro昀椀ler (ADCP). The ADCP measured in 1 m vertical
bins at a rate of two pings per ensemble, and the transect was sampled 16
times (measuring from one end of the transect to the other each time) to
capture a full semidiurnal tidal cycle. Incorporation of a Garmin GPS
into the ADCP software allowed for the exact location of the velocity
measurements to be recorded.

While one vessel towed the ADCP, another vessel traveled back and
forth along the transect stopping to collect data with a Rockland Sci-
enti昀椀c Conductivity, Temperature, and Depth (MicroCTD) pro昀椀ler at
three stations (Fig. 1b). Station 1 is on the western end of the ADCP
transect, Station 2 is in the center of the transect and Station 3 is at the
eastern end of the transect. Stations 2 and 3 were strategically chosen as
they are two of the 昀椀ve locations where Pseudo-nitzschia spp. data were
collected weekly during the summer and fall months of 2021 and 2022
(Fig. 1b, see Section 3.4). During the tidal survey, the MicroCTDwas cast
off the boat at least 昀椀ve times each time the vessel stopped at a station to
measure velocity shear with two accelerometer probes af昀椀xed to the
instrument. Some discrepancies in the position of the ADCP data and the
MicroCTD data exist because the research vessel towing the ADCP
maintained a speed <2.5 knots to continuously measure currents. Ve-
locity shear measurements from the MicroCTD were sampled at a rate of
512 Hz and were converted to turbulent kinetic energy dissipation, ε,
that is a proxy for shear-driven mixing (see Section A1 in the Appendix
for details; also see the methodology of Ross et al., 2019 and references
therein). The MicroCTD also sampled chlorophyll-a at a rate of 512 Hz,
and salinity and temperature at a rate of 64 Hz, with the objective to
obtain 昀椀ve depth pro昀椀les to be averaged together to provide one
representative pro昀椀le for each metric. The chlorophyll-a 昀氀uorescence
measured by the 昀氀uorometer af昀椀xed to the MicroCTD was not validated
using discrete in-situ chlorophyll samples. For details of the processing
of the hydrographic data and velocities see Section A2 in the Appendix.
For the conversion of salinity and temperature to density and the
calculation of the buoyancy frequency, N2, and the potential energy
anomaly, ϕ, used to describe the strati昀椀cation of the water column, see
Section A3 in the Appendix.

Surface water samples were collected and 昀椀ltered on the same vessel
as the MicroCTD per the Maine Department of Marine Resources
(MEDMR) sampling protocol (personal communication with MEDMR,
June 16, 2021) to quantify Pseudo-nitzschia spp. cell counts at Station 2
and Station 3 (Fig. 1b). Twice as many measurements were collected at
Station 2 compared to Station 3 over the tidal cycle due to the sampling
pattern along the transect. For each sample, approximately 10 L of
seawater were 昀椀ltered through a 20 μm sieve to capture phytoplankton.
The sieve was then inverted over a funnel attached to a 50 mL tube, and

backwashed with seawater spray collected at the site until the sample
was diluted to a volume of approximately 15 mL. All sampling equip-
ment was thoroughly rinsed three times in seawater local to the sam-
pling station before the 昀椀ltering process began to mitigate cross-
contamination. The Pseudo-nitzschia spp. samples were stored in a
cooler with ice packs maintained between 0 and 10 çC for the remainder
of the sampling. Further information on the treatment and analysis of
the Pseudo-nitzschia spp. cells collected during the tidal cycle survey and
the weekly sampling (described in Section 3.4) is included in the Ap-
pendix (see Section A4).

3.2. Hydrodynamic simulations

To investigate the regional circulation patterns at larger spatial
scales, a TELEMAC-MASCARET three-dimensional (Telemac3D) model
(Fig. 1b) was used to perform a numerical simulation of the tidal cycle
surveyed on June 15th, 2022. This model con昀椀guration has been vali-
dated and used in previous studies in the same area (Ross et al., 2021;
Alahmed et al., 2022), however for the present study, the depth-
averaged (two-dimensional) model output was used for validation and
analysis. The water levels measured by the tide gauge at the Bar Harbor
station (Fig. 1b) were revalidated for approximately two weeks pre-
ceding and including the survey date, producing a skill score of 0.99
(Willmott, 1981). The 昀氀ow velocity at Stations 1, 2, and 3 were also
validated against the ADCP measurements on June 15th, 2022, pro-
ducing skill scores >0.85 (not shown).

Astronomical tidal forcing was included at the ocean boundaries in
the model via the TPXO database (Egbert and Erofeeva, 2002). Monthly
average stream in昀氀ow rates from the ten tributaries included in the
model domain (Fig. 1b) were estimated by USGS StreamStats based on
the method of Dudley (2015) (U.S. Geological Survey, 2019; https://st
reamstats.usgs.gov/ss/ - accessed 6/13/23). The 昀氀ow rates provided
the upstream boundary conditions for the simulations (see Table A1 in
the Appendix and Alahmed et al., 2022). Hourly wind speed and di-
rection measured at the Bar Harbor station (NOAA, n.d.; https://tide
sandcurrents.noaa.gov/met.html?id=8413320; Fig. 1b) provided wind
forcing for the simulation. A six-month simulation “spin-up” was
implemented to stabilize the salinity 昀椀eld, assuming a constant salinity
of 32 PSU at the ocean boundary. The model simulation was run with a
time step of 10 s with model output saved every 30 min for analysis.
More details regarding the model con昀椀guration are summarized in
Alahmed et al. (2022).

3.3. Satellite imagery

Sentinel-2B Multi-Spectral Instrument (MSI) data were examined in
the coast of Maine and in Frenchman Bay on the date of the tidal cycle
survey (June 15th, 2022) to identify the presence of algae. Raw data and
images of Sentinel-2B were downloaded from Sentinel Data Hub with a
revisiting cycle of 5 days. The Level 2A products were downloaded in
only one of the 9 granules of Sentinel 2B (100 km × 100 km) obtained
for the coast of Maine, that showed the presence of microalgae 昀椀laments
(the T19TEK). The image was processed with the standard bottom-of-
atmosphere re昀氀ectance pro昀椀les for each radiometric band, and were
then georeferenced in cartographic geometry coordinates with the
standard SEN2COR library of atmospheric correction algorithms pro-
vided by the scihub Copernicus for both Sentinel 2A,B (https://step.esa.
int/main/snap-supported-plugins/sen2cor/). The RGB corrected scene
(bands 12, 8, and 3) was 昀椀nally selected to target the microalgae held
along the coastal waters of Maine off Mount Desert Island and in the
study area of Frenchman Bay.

3.4. Weekly sampling

In addition to the tidal cycle sampling on June 15th, 2022, Pseudo-
nitzschia spp. abundance and nutrient samples were collected weekly
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during the summer and early fall (July–October; 14 weeks total) of both
2021 and 2022, corresponding to the months in which the 2016 Pseudo-
nitzschia spp. bloom occurred in the Gulf of Maine (Clark et al., 2019).
Sampling occurred on the day of the week with the “best weather con-
ditions” when wind velocities were low (~<6 m/s), and preferably
when there was little or no precipitation. However, the river and stream
昀氀ow conditions before and during the chosen sampling day varied. In
addition, the tidal phase during sampling was random, depending on the
chosen sampling day, making the data representative of all tidal and
freshwater discharge conditions.

Pseudo-nitzschia spp. samples were collected weekly following the
samemethodology as described for the tidal cycle survey (Section 3.1) at
昀椀ve locations in Frenchman Bay, including two ‘bay stations’ called
Station 2 and 3 and three ‘nearshore stations’ named Stave, Sullivan,
and Jordan after the estuaries within which they are located (see
Fig. 1b). In addition to the data collected at these 昀椀ve sampling stations,
Pseudo-nitzschia spp. counts measured during the MEDMR regular sea-
sonal monitoring program are available in an online repository
(https://mainedmr.shinyapps.io/bph_phyto/) for these years. Their
data were collected approximately weekly at two stations within our
study region, Bar Harbor and Mount Desert Island Biological Laboratory
(MDIBL; see Fig. 1b), and were included in our analysis. The sampling
frequency at these stations varied compared to our weekly sampling,
resulting in different sample sizes (n) in the means (for 2021, n = 15 for
MDIBL and n = 13 for Bar Harbor; for 2022, n = 9 for MDIBL and n = 17
for Bar Harbor), and only data collected during the weeks of our sam-
pling season were included in our analysis. In the remainder of the text,
the MDIBL and Bar Harbor stations will be referred to as ‘nearshore
stations’ along with the Stave, Sullivan, and Jordan stations, however
only Pseudo-nitzschia spp. data (not nutrient data) are available at these
locations, as they were not a part of our sampling campaign.

Water samples for nutrient analysis were also collected during the
weekly sampling in 2021 and 2022. These samples were shipped to the
Virginia Institute of Marine Science (VIMS) Analytical Services Center, a
VELAP (Virginia Environmental Laboratory Accreditation Program)
certi昀椀ed laboratory for analysis (VIMS quality manual and test methods
can be found here: https://www.vims.edu/research/facilities/asc/).
Samples were collected in clean bottles and triple-rinsed in the local
seawater at each site prior to collection. During transportation the
samples were kept in a cooler with ice packs, and upon return to the
laboratory samples were moved to a freezer until shipment to VIMS.
Samples were analyzed at VIMS to measure total dissolved nitrogen (TN)
and total dissolved phosphorus (TP) concentrations during both 2021
and 2022. Quanti昀椀cation of ammonia (NH3), nitrate+nitrite (NOx), and
silica (SiO2) was also conducted on samples collected in 2022. Con-
centrations of TN, NH3, and NOx were reported by VIMS as mg/L-
Nitrogen (N), concentrations of SiO2 as mg/L-Silicon (Si), and concen-
trations of TP as mg/L-Phosphorus (P). In both years, nutrient sampling
was conducted at the ‘bay stations’, Stations 2 and 3, at the ‘nearshore
stations’ Stave, Sullivan and Jordan, and additionally at three other
stations located near the mouths of freshwater streams that enter the
bay. These ‘stream stations’ are named Union, Kilkenny, and Egypt
(Fig. 1b). The Sullivan, Jordan and Stave ‘nearshore stations’ were
located within aquaculture lease areas owned by stakeholder partners
where monitoring for toxic Pseudo-nitzschia spp. and water quality
conditions is of vital importance for shell昀椀sh management. Collectively,
the weekly sampled data augment capacity to describe ambient condi-
tions of Pseudo-nitzschia spp. and nutrients in the study area. Further
summary of the sampling locations and the types of data collected at
each station is provided in the Appendix (see Table A2).

3.5. Statistical analyses

3.5.1. Tidal cycle measurements
Trends between surface measured Pseudo-nitzschia spp. data and

turbulent dissipation (ε) measured during the tidal cycle survey were

assessed by a Pearson correlation. This calculation was performed using
the MathWorks software, MATLAB. To utilize the Pearson correlation,
the data must be normally distributed. The distribution of the Pseudo-
nitzschia spp. data was assumed to be normal, after failure to reject the
null hypothesis in an Anderson-Darlings test, performed using MATLAB.
The ε near the surface was also assumed to be normally distributed after
transforming onto a base 10 log scale.

3.5.2. Weekly sampling
To assess whether nutrients measured from the weekly sampling

signi昀椀cantly in昀氀uence the abundance of Pseudo-nitzschia spp., we
computed the sample cross-correlation function of Pseudo-nitzschia spp.
versus nutrient concentrations. This analysis was performed using the
MATLAB sample cross-correlation function by MathWorks, which is
based on the method of Box et al. (1994) and has been used for this
purpose in other studies (Morse et al., 2014). Due to the variability in the
sampling interval of the “weekly” sampled data, which was not always
exactly seven days due to restrictions caused by weather conditions, the
lag is reported in days between the sampling dates. An increase in
diatom abundance is known to lag an increase in relevant nutrient
concentrations (Morse et al., 2014; Gilpin et al., 2004), therefore only a
positive lag (Pseudo-nitzschia spp. lagging nutrient concentrations) was
considered. Further, only a lag of up to 20 days (period of three sampling
weeks) was deemed relevant because diatom growth rates are on the
order of days (Morse et al., 2014), and nutrient depletion by diatoms has
been shown to occur within 4–12 days (Gilpin et al., 2004). The 95 %
and 85 % con昀椀dence intervals (CI) for the correlations were calculated
for using the formula, ±z/ �����������n− k: , where z is the number of standard
errors from the mean, n is the number of samples considered at the lag,
and k is the number of the lag (e.g. k = 1 represents a lag of approxi-
mately seven days). The MATLAB sample cross-correlation function
computes the con昀椀dence bounds as ±z/ ���n: , however this does not ac-
count for a reduction in the sample size with increasing lag, and there-
fore CI were computed after the fact.

4. Results and discussion

4.1. Tidal cycle measurements

4.1.1. Strati昀椀cation and turbulent dissipation
The goal of this study is to link coastal geomorphological features to

local circulation patterns and HAB monitoring outcomes. We 昀椀rst
consider these linkages over the tidal cycle captured just after the start of
昀氀ood tide on June 15th, 2022. Temperature varied up to 5 çC between
the surface layer and the bottom (Fig. 2b(1–3)). The top-to-bottom
salinity difference was small, <1 PSU (Figs. 2c(1–3)), indicating that
the water column was relatively well-mixed with slight variations in
vertical strati昀椀cation conditions throughout the tidal cycle at each sta-
tion as indicated by buoyancy frequency,N2 (Fig. 2d(1–3)) and potential
energy anomaly, ϕ (Fig. 2e(1–3)). Based on values of ϕ, water column
strati昀椀cation also varied spatially along the transect, with strati昀椀cation
weakening from station 1 to 3. Gaps in salinity, N2, and ϕ (Fig. 2c(2), 2d
(2), and 2e(2) respectively) are the result of the removal of salinity cast
measurements from the dataset because of instrument interference with
the bottom, or density instabilities in the case of N2 (Fig. 2d(3)).

At Station 1, turbulent dissipation, ε, was high (~10−7 W/kg) near
the surface (upper 15 m depth) during 昀氀ood tide (Fig. 2f(1)). N2 was
elevated indicating a pycnocline (Fig. 2d(1)) at ~20 m that limited the
strength of ε below at this time. The pycnocline was closer to the surface
(~10 m) during slack after 昀氀ood (~16–17 h), further limiting the depth
of high ε and the vertical extent of the relatively warm surface layer
(Fig. 2b(1)). Results at Station 2 show that ε was elevated (>10−7W/kg)
throughout the water column, but only during late 昀氀ood tide (~15 h;
Fig. 2f(2)). The ϕ was relatively low during this time as expected since
greater dissipation contributes to the breakdown of strati昀椀cation (Fig. 2e
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(2)). At Station 3, ε was symmetric throughout the tidal cycle and was
overall higher throughout the water column and tidal cycle when
compared to the other stations (Fig. 2f(3)). Highest values of ε at Station
3 corresponded to low values of ϕ, which reached a minimum of ~30 J
m−3 during slack tide after 昀氀ood (~16 h; Fig. 2e(3)). The pycnocline was
less de昀椀ned at Station 3 than at Station 1 or 2, due to elevated ε

throughout the water column. Overall, a pronounced intratidal vari-
ability in ε was only observed at Station 2.

Instances of elevated ε were predominantly located in the upper to
mid water column at all stations, uncoupled from bottom-generated
shear. Similar conditions have been observed from eddy formation
processes documented in other studies (Spicer and Huguenard, 2020).
Some have shown that vorticity and vertical mixing occur simulta-
neously due to high velocity shear generated by tidal currents inter-
acting with bathymetric features (Salas-de-León et al., 2011). We
present the observed tidal currents next to investigate if this could be the
case in Frenchman Bay.

4.1.2. Current velocities
The circulation structure suggests the presence of transient eddies

which we hypothesize form due to the geomorphology of the region. The
timing of eddy formation during late 昀氀ood tide (~15–16 h) and slack
tide after 昀氀ood (~16–17 h) in the current velocities corresponds well
with the timing of elevated ε at the middle of the transect (Station 2,
Fig. 2f(2)). The bay experienced lateral shear of the along-channel 昀氀ow
throughout the tidal cycle, but most prominently during 昀氀ood tide due
to the divergence of tidal currents in the bay and 昀氀ow separation in the
wake of the island chain. During 昀氀ood tide, currents were predominately
directed to the northwest throughout the water column (Fig. 3B(a-b)).

The depth-averaged velocity vectors (Fig. 3C) depict strong northwest
directed 昀氀ows on the eastern side of the bay during 昀氀ood tide (transects
1–5), and weaker northwest directed 昀氀ows on the western side of the
bay.

The depth-averaged velocity vectors (Fig. 3C) along transects
measured during slack tide after 昀氀ood (transects 6–9) revealed a rela-
tively large-scale rotation of the 昀氀ow on the eastern side of the bay.
Flows that were directed to the northwest at the end of 昀氀ood tide
(transects 5–6) turned clockwise during the slack tide to be directed to
the southeast by the beginning of ebb (~19 h). The currents were
weaker on the western end of the transect (Fig. 3B(c-d)), but the change
in direction of the depth-averaged velocity vectors (Fig. 3C) suggests a
rotation in the opposite direction (counterclockwise) from northwest
directed at the end of 昀氀ood to southeast directed by the beginning of
ebb. The currents are directed to the southeast on ebb tide with strongest
current velocities on the western side of the transect (Fig. 3C, ~20 h)
due to the orientation of the bay.

The measured transect current velocities indicate the presence of
eddies, with a large eddy forming on the eastern side of the bay after
昀氀ood tide. The presence and timing of this eddy help to explain the
variability in ε along the transect. Station 1, located on the western end
of the transect, is outside of this large eddy and has relatively low ε

throughout the water column and tidal cycle compared to the other
stations (Fig. 2f(1)). Station 2 is located between the two eddies at the
center of the bay where the deep channel steers the tidal 昀氀ows. Station 3
is located on the eastern end of the transect at the periphery of the large
eddy. The presence of this large eddy might cause ε to be consistently
elevated throughout the tidal cycle. Because of their proximity to the
large eddy structure, we will focus on Stations 2 and 3. The following

Fig. 2. Columns 1, 2 and 3 show the following conditions at Stations 1, 2, and 3 respectively: a(1–3) Variation in the water level observed at the NOAA Bar Harbor
station (see Fig. 1b), shown three times for ease of reference to the hydrographic variables at each station. b(1–3) temperature, c(1–3) salinity, d(1–3) squared
buoyancy frequency, e(1–3) potential energy anomaly, and f) turbulent dissipation. The x’s on top of panels denote times of the MicroCTD casts. The light gray lines
approximately denote the slack tide after 昀氀ood and slack tide after ebb. Large gaps in data in panels c(2), d(2), and e(2) are a result of the removal of bad casts from
the salinity data. Gaps in panel d(3) are the result of density instabilities, possibly caused by measurement error.
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subsection will link the intratidal patterns in ε to Pseudo-nitzschia spp.
abundance at these stations.

4.1.3. Turbulent dissipation & Pseudo-nitzschia spp. abundance
Pseudo-nitzschia spp. abundance was determined from surface water

samples collected at Stations 2 and 3 throughout the tidal cycle (Fig. 4b
(1–2)). Chlorophyll-a and ε measurements were collected with the
MicroCTD at the same two locations to complement the in-situ species
cell counts (Fig. 4c(1–2)). At Station 2, chlorophyll-a concentration was
primarily above 20 m depth, except at slack after 昀氀ood tide (15–17 h), at
which time the concentration extended to 25 m depth (Fig. 4c(1)). The
deepening of chlorophyll-a from 15 to 17 h corresponded with the
elevated turbulent dissipation rates mid-water column (10 to 35 m
depth). There were also variations of over an order of magnitude in
Pseudo-nitzschia spp. counts over short timescales (<1 h; Fig. 4b(1)) that
did not correspond with the phase of the tide (Fig. 4a(1)). For example,
the total number of cells observed at Station 2 at ~13 h decreased by
approximately one order of magnitude before 14 h, and increased again
by a factor >25 in the next sample collected at ~14.5 h. Pseudo-nitzschia
spp. abundance and dissipation rates at Station 2 were found to increase
and decrease in tandem, suggesting that Pseudo-nitzschia spp. was
brought to the surface when dissipation increased. To determine if this
trend was statistically signi昀椀cant, we calculated the Pearson correlation
coef昀椀cient. The correlation between the Pseudo-nitzschia spp. data and
the log10 (ε) was statistically signi昀椀cant (p < 0.05; ~0.58).

At Station 3 Pseudo-nitzschia spp. abundance was relatively constant

and elevated (>104 cells/L) throughout the tidal cycle, varying by less
than one order of magnitude (Fig. 4b(2)). The chlorophyll-a measure-
ments at Station 3 indicated that the phytoplankton biomass was
detected down to depths of 25m from the surface throughout most of the
tidal cycle, with most pronounced abundance toward the end of ebb tide
(Fig. 4c(2)). Over the tidal cycle ε was consistently greater at Station 3
(>10–7.5W/kg from the surface to 20m depth, Fig. 4c(2)) than at Station
2 (dipping below 10−8 W/kg, Fig. 4c(1)). The elevated ε at Station 3
likely caused Pseudo-nitzschia spp. cell abundance to remain homoge-
nized throughout the tidal cycle and therefore consistently high (>104
cells/L) at the surface compared to Station 2 (<104 cells/L at ~13 h and
~16 h) (Fig. 4b(1–2)). This is supported by the deeper presence of
chlorophyll-a in the water column throughout the tidal cycle at Station 3
compared to Station 2. The relation between log10 (ε) and Pseudo-nitz-
schia spp. abundance was not statistically signi昀椀cant (p> 0.05; ~−0.68)
at Station 3, but this is likely due to ε remaining high and inhibiting
Pseudo-nitzschia spp. to settle in sub-surface layers as was shown to
happen at Station 2 when ε was weak. This implies that ε and Pseudo-
nitzschia spp. abundance are closely intertwined when turbulence values
reach a critical threshold capable of homogenizing the upper water
column. Concrete identi昀椀cation of this threshold should be investigated
in future studies as it likely varies from system to system depending on
strati昀椀cation conditions and the strength of tidal forcing.

Conceptually, the hydrodynamic observations link to a greater
abundance of surface Pseudo-nitzschia spp. cells at Station 3 compared to
Station 2 in two ways. Station 3 may have greater concentrations of

Fig. 3. A) Variation in the water level observed at NOAA Bar Harbor station (see Fig. 1b). B) Panels a, c, e, and g (left column) depict the North-South velocities with
depth for select transects in C. Positive (red) velocities are directed to the north (into the bay) and negative (blue) velocities to the south (out of the bay). Panels b, d,
f, and h (right column) depict East-West velocities with depth for those transects. Positive velocities are to the east and negative velocities are to the west. The
magnitude of the 昀氀ows corresponds to the color bar in C. C) Depth-averaged velocity vectors on top of the depth-averaged velocity magnitude for all measured
transects. The stars at the bottom of the subplot indicate the Station 1 (brown star), Station 2 (purple star) and Station 3 (green star) data collection sites that
correspond to Fig. 2.
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essential nutrients near-surface, due to consistently higher ε which
might facilitate transport of nutrients from below the pycnocline to the
surface. A second possibility is that the hydrodynamic conditions coin-
cident with Station 3 have the capacity to accumulate or “trap” Pseudo-
nitzschia spp. in a localized area. Entrainment of Pseudo-nitzschia spp. by
eddy circulation was a potential mechanism that exacerbated a toxic
bloom of P. australis in the Santa Barbara Channel in California
(Anderson et al., 2006). P. australis is also the species implicated in the
toxic 2016 bloom in the Gulf of Maine (Clark et al., 2019). Overall, these
results indicate that surface Pseudo-nitzschia spp. cell abundance is
linked to near-surface turbulent dissipation variability throughout the
tidal cycle. During the tidal cycle, high ε deeper in the water column
(>5–10 m; Fig. 2f(2)) was uncoupled with surface turbulence, implying
that phytoplankton abundance concentrated below the surface was not
yet mixed upwards. Elevated near-surface turbulent dissipation that is
uncoupled from bottom-generated dissipation and is not caused by an
external source, such as wind, has been shown to occur due to the
presence of sub-mesoscale eddies (Spicer and Huguenard, 2020). Sur-
face measurements alone may thereby not provide a complete picture of
cell abundance in the water column.

The results from the tidal cycle observations show rotation in the
current structure and spatial variability of the turbulent dissipation that
suggests the presence of eddies. However, it is impossible to fully resolve
the horizontal 昀氀ow structure with the limited spatial resolution of the
tidal velocity measurements. Therefore, we turned to a numerical model
of the region to expand the capacity for detection of the 昀氀ow structure
and its changes over time.

4.1.4. Numerical observations on June 15th
The numerically simulated currents and vertical vorticity in

Frenchman Bay indicate that horizontal eddies are indeed present in the
昀氀ow during certain tidal phases on June 15th, 2022 (Fig. 5). Tidal 昀氀ow
enters the bay on 昀氀ood tide (13 h; Fig. 5a) through two deep channels
between islands. One channel is located between Long Porcupine and
Bar Island (hereon referred to as the “center channel”; Fig. 5d) and the
other between Long Porcupine Island and Stave Island (hereon referred

to as the “right channel”). The friction induced by the islands during
昀氀ood tide currents results in vorticity consistent with 昀氀ow separation
(Signell and Geyer, 1991; Fig. 5a), a commonly observed 昀氀ow pattern in
the presence of islands and headlands (Wolanski et al., 1984; Geyer and
Signell, 1990; Signell and Geyer, 1991). Two counter-rotating 昀氀ow re-
gions are induced by the islands: one with negative (clockwise) vorticity
to the east, and one with positive (counterclockwise) vorticity to the
west. An eddy with positive vorticity overlapping with the right channel
is formed on the leeward side of Long Island (Fig. 5a). The regions of
high vorticity generated in the center channel expand and propagate
into the bay by slack tide after 昀氀ood (16.5 h) and manifest as two
counter-rotating eddies just south of the location of the transect
(Fig. 5b). During ebb tide and slack after ebb the current velocity vectors
are primarily directed out of the bay, but funneling of the tidal 昀氀ow by
bathymetry allows for vorticity to be maintained and surprisingly not
reversed with the change of current direction (Fig. 5c-d).

Vorticity in the basin-scale circulation can be transferred to the mean
昀氀ow (Zimmerman, 1981; Robinson, 1981) a phenomenon known to
induce eddies in the residual 昀氀ow structure, i.e. tidal residual eddies
(Pingree, 1978; Zimmerman, 1978, 1981; Robinson, 1981). Therefore,
we calculated the depth-averaged residual 昀氀ow in Frenchman Bay using
a least-squares 昀椀t of ~7 d surrounding June 15th to the semi-diurnal (12
h), diurnal (24 h) and quarter-diurnal (6 h) tidal harmonics (Fig. 6a).
The semi-diurnal harmonic is the dominant tidal harmonic in the region
(Alahmed et al., 2022). The quarter-diurnal harmonic was also included
in consideration of the highly varied morphometric conditions in the
study area that can produce nonlinear interactions of the tidal wave with
bathymetry (Parker, 1991). The simulated structure of the residual 昀氀ows
on the northern side of the Porcupine Islands (Fig. 6a) resembles the
pattern observed during the slack after 昀氀ood tide (Fig. 5b). Con昀椀rmation
of the large eddy on the eastern side of the bay in the residual 昀氀ow
structure supports the hypothesis that the intratidal variability in ε at
Station 2 (Fig. 2f(2)) is caused by lateral shear induced by tidal 昀氀ow
interactions with bay morphology. Flows are directed through the deep
center channel of the bay near Station 2 (see Fig. 1b) and are tidally
driven during tidal phases when currents are strong (Fig. 5a and c). The

Fig. 4. a (1–2) Variation in the water level observed at NOAA Bar Harbor station (see Fig. 1b), shown twice for reference to subplots b-c. b) On the left axis:
abundance of Pseudo-nitzschia spp. (PN) measured throughout the tidal cycle at Station 2 (b(1)) and Station 3 (b(2)). On the right axis: turbulent kinetic energy
dissipation from the top-most data bin (nearest the surface) at Station 2 (b(1)) and Station 3 (b(2)). c) Chlorophyll-a and turbulence dissipation in the water column
throughout the tidal cycle at Station 2 (c(1)) and Station 3 (c(2)). The blue and black dashed lines indicate times 17 h and 21 h respectively as reference for times
when dissipation was elevated mid water column (17 h) and restricted to the surface (21 h) at Station 2 and how that compares to values at Station 3.
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residual circulation dominates, and eddies become pronounced when
currents weaken on slack tide after 昀氀ood (Fig. 5b), inducing lateral shear
that elevates ε. At Station 3 tidal 昀氀ows are weaker and the eddy circu-
lation in the residual 昀氀ow is more prominent (Fig. 5a-d) consistently
inducing lateral shear that elevates ε throughout the tidal cycle (Fig. 2f
(3)).

Tidal residual eddies are known to develop because of nonlinear
interactions of the tidal 昀氀ow with coastal geometry including islands
(Pingree and Maddock, 1980; Wolanski et al., 1984), headlands (Geyer
and Signell, 1990; Signell and Geyer, 1991; Zimmerman, 1981), and
bathymetric features (Zimmerman, 1978; Li, 2006; Poul et al., 2016).
Poul et al. (2016) schematized the structure of these eddies as a function
of bathymetric hills and valleys (their Fig. 2) and demonstrated this
structure with numerical simulations (their Fig. 5). The structure of the
residual 昀氀ow observed in Frenchman Bay has remarkable similarity to
their illustration of the eddy 昀椀eld induced by bathymetric features
(Fig. 6a). Obstruction of the 昀氀ow by a ledge upstream of the center
channel (~44ç24′N, −68ç14′W), with minimum depths <5 m, not only
limits the length scale of the eddy at the eastern end of Bar Island, but
also induces a counterclockwise eddy on the leeward side of the hill. The
bathymetric slope at the edges of the deep channel and remnants of the
glacial lake in the middle of the bay also induce frictional effects on the
昀氀ow which act to enhance rotation (Robinson, 1981). In summary, the
eddies just inside the mouth of the bay are generated by 昀氀ow constric-
tions and frictional effects on the tidal 昀氀ow induced by the islands.
However, they are likely maintained, and steered, by the complex

bathymetry, which controls the length scales and spatial positions of the
eddies.

The implications of residual 昀氀ow structures like the observed eddies
on material transport depends on how their length scales compare to the
oscillatory tidal 昀氀ow. The circulation patterns can in昀氀uence the trans-
port of water-borne materials at timescales longer than the tidal cycle if
the length scale of a residual eddy exceeds the tidal excursion length, Ltx
(Zimmerman, 1979; Robinson, 1981; Alahmed et al., 2022). The tidal
excursion length can be quanti昀椀ed as Ltx = UT

π
, where T and U are the

tidal period and tidal current amplitude of the dominant tidal harmonic,
respectively (Parsa and Shahidi, 2010). The magnitude of the tidal ve-
locity amplitude of the semi-diurnal harmonic was averaged over the
middle of the bay to estimate U. For the spring tide period over which
the residual 昀氀ow is shown (Fig. 6a), U is approximately 0.11 m/s. Under
these conditions, the major axis of the eddy that appears on the eastern
side of the bay in the residual 昀氀ow (Fig. 6a) has a dimension of
approximately ~3.7 km, over double Ltx (~1.6 km). This outcome in-
dicates that the eddy will inhibit the 昀氀ushing of material out of the bay
with the tides.

Our 昀椀ndings suggest that the large eddies identi昀椀ed in the depth-
averaged residual 昀氀ow in the bay can accumulate suspended material
in the water column, including Pseudo-nitzschia spp. Other studies have
presented similar 昀椀ndings when investigating eddies at larger scales
(Anderson et al., 2006; MacFadyen et al., 2008), like those associated
with the Juan de Fuca Eddy (~30–60 km) for example (MacFadyen
et al., 2008), or with the transport of oil in the Eastern Mediterranean

Fig. 5. Snapshots of the depth-averaged model velocity vectors on top of contours of vorticity for a) 昀氀ood tide, b) slack tide after 昀氀ood, c) ebb tide, and d) slack tide
after ebb. A scale factor of 2000 grid units/magnitude was used for the velocity vectors, and uniform vector spacing was used for visualization purposes. The black
line in the bay indicates the location of the transect during the June 15th survey.
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Sea (García-Sánchez et al., 2022). The latter study, based on method-
ology presented in Ramos et al. (2018), found that hyperbolic trajec-
tories, manifesting as counter-circulating eddies coined Lagrangian
Coherent Structures (LCS), can accumulate material if the 昀氀ow 昀椀eld is
stable (converging) or disperse material if it is unstable (diverging). The
convergence of material in these structures was validated using remote
sensing techniques. Utilizing remote sensing methodology, we show
Sentinel-2B Multi-spectral RGB images captured in the study region on
the date of the tidal survey (June 15th, 2022; Fig. 6b-d). Although it is
uncertain whether the phytoplankton identi昀椀ed at the surface were
Pseudo-nitzschia spp., there is suf昀椀cient evidence of 昀椀laments and

patches indicating material accumulation offshore (Fig. 6c) and in
Frenchman Bay (Fig. 6d). In particular, the convergence of material in
the bay loosely depicts the residual eddy structure (Fig. 6a) and follows a
similar pattern to the LCS identi昀椀ed in Ramos et al. (2018), further
indicating that the convergence zones of the counter-rotating eddies are
accumulating material. Counter-rotating eddies at larger scales (>10 km
diameter) have been found to locally accumulate phytoplankton in other
regions like the southern Gulf of California (Durán-Campos et al., 2019).
The present study shows that this phenomenon can also occur at smaller
scales (<10 km) in semi-enclosed regions where eddies form due to
complex geomorphology. To determine if the accumulation of

Fig. 6. a) The depth-averaged residual 昀氀ow vectors on top of the bathymetry in Frenchman Bay, with schematic representation of the tidal residual eddies induced by
a ledge at approximately (~44ç24′N, −68ç14′W) and the deep center channel. b) Sentinel-2B Multi-spectral RGB image (bands 12,8,3) examined on June 15th, 2022,
in the coast of Maine. c(1) Coastal Maine off of Schoodic Point, c(2) Coastal Maine off of Narraguagus Bay, d(1) Coastal Maine off of Mount Desert Island, and d(2)
Frenchman Bay. The green arrows in d(2) were added for emphasis.

T. Bailey et al.



Science of the Total Environment 948 (2024) 174902

11

phytoplankton by the eddies is relevant at timescales longer than the
tide, we consider the weekly sampled Pseudo-nitzschia spp. data. We will
also discuss the results of the weekly sampled nutrient data, because the
availability of speci昀椀c nutrients can also impact the ability of these
diatom species to 昀氀ourish locally.

4.2. Weekly sampling

4.2.1. Pseudo-nitzschia spp. and nutrients
Pseudo-nitzschia spp. data were collected in July–October of 2021

and 2022 at the ‘bay stations’ (Stations 2 and 3) located at the center of
the bay, and at the ‘nearshore stations’ (Stave, Sullivan, Jordan, MDIBL
and Bar Harbor), which are located closer to the coast (see Fig. 1b).
Nutrient data were collected simultaneously at all stations, except for
Bar Harbor and MDIBL, and were additionally collected at the three
‘stream stations’ (Union, Kilkenny, and Egypt). Our reporting focuses on
the nutrient concentrations measured in 2022, which included dissolved
inorganic nitrogen (DIN: NH3 + NOx) and Si, in addition to TN and TP.
The weekly sampled observations allow us to gain insight into the
temporal and spatial variability of Pseudo-nitzschia spp. and nutrients in
the region.

The concentrations of all measured nutrients (NH3, SiO2, NOx, TN
and TP) were 昀椀rst compared qualitatively to the Pseudo-nitzschia spp.
abundance for the entire sampling period (see Fig. A1 in the Appendix).
Largely nutrient concentration values were greater at the ‘stream sta-
tions’ except for NH3 in Jordan in late August to early September and
NOx from early September to early October. This spatial trend suggests
that freshwater 昀氀ows are a source of nutrient input to Frenchman Bay. It
has been shown that freshwater in昀氀ow can be a catalyst for Pseudo-
nitzschia spp. blooms (Trainer et al., 2012), which could be due to the
nutrient loading from the freshwater into coastal waters.

Like all diatoms, Pseudo-nitzschia spp. require silicon to maintain
their silici昀椀ed cell walls and nitrogen for metabolic processes. Studies
have focused on understanding the optimal ratio of these nutrients for
diatom growth in the marine environment (Gilpin et al., 2004; Egge and
Aksnes, 1992). To gain insight to the impact of Si, DIN, and Si:DIN on
Pseudo-nitzschia spp. local to Frenchman Bay, we focus speci昀椀cally on
the temporal variability of these constituents at the ‘bay station’ sam-
pling locations (Stations 2 and 3; Fig. 7). The Si concentrations followed
a trend that resembles that of the cell abundance with a lag of approx-
imately 12–14 days between peaks of high Si (~6–8 μmol/L) and
maximum cell counts (~104–105 cells/L; Fig. 7a). The Pseudo-nitzschia
spp. abundance increased gradually throughout July, over which time Si
was depleted (reduced below the detection limit of ~0.2 μmol/L). In
only about one week, cell levels decreased by roughly three orders of
magnitude (~105 to ~102 cells/L), which could be due to the depletion
of Si in the area. DIN concentrations at both Station 2 and 3 were rela-
tively constant (~2 μmol/L) compared to Si in the early months (July to
September), but similarly peaked at the end of September (~7.1 μmol/L
at Station 2 and ~5.1 μmol/L at Station 3). The Si:DIN appears to trend
like Si in the early months (Fig. 7c), but peaks earlier in September at
both stations, reaching a maximum (~2.2) in early September at Station
2 and a maximum (~3.4) in mid-September at Station 3. For the ma-
jority of the sampling season, Si:DIN was >1, indicating that nitrogen
was potentially limiting diatom growth (Levasseur and Therriault, 1987;
Dortch and Whitledge, 1992). However, when Pseudo-nitzschia spp.
abundance was greatest in late July and early October, Si was depleted
indicating Si limitation, which led to a decline in Pseudo-nitzschia spp.
abundance.

To determine if the Pseudo-nitzschia spp. statistically correlate with
nutrients at the lag periods suggested qualitatively by the observations
(Fig. 7), we calculated the sample cross-correlation function for Pseudo-
nitzschia spp. versus Si, DIN, and Si:DIN, as well as TN and TP for the
weekly sampled data at the ‘bay stations’ (see Fig. A2 in the Appendix).
The correlations between Pseudo-nitzschia spp. and Si at Station 2
(~0.39) and Station 3 (~0.36) fall just below the 85 % con昀椀dence

interval (~0.42) at a lag of 13 d, the lag period which was qualitatively
estimated from Fig. 7. There is no statistically signi昀椀cant correlation at
or above the 85 % CI between Pseudo-nitzschia spp. and DIN or Si:DIN for
any lag period considered, except for Si:DIN at Station 2 at a lag of 20 d.
However, it should be noted that if the 昀椀rst sample date is not considered
because the Si:DIN for this sample is an outlier, this relationship is not
statistically signi昀椀cant at a lag of 20 d, but is signi昀椀cant within the 85 %
CI at a lag of 13 d (not shown).

The low correlations between the Pseudo-nitzschia spp. and the
measured nutrients could be a result of limitations of our dataset.
Because only Pseudo-nitzschia spp. were enumerated, it is possible that
the variations in the nutrient concentrations were a result of competition
by other phytoplankton species. An Si concentration of 2 μmol/L has
been proposed as a threshold at which diatoms will dominate (Egge and
Aksnes, 1992), and our concentrations were often below this value,
indicating that a different type of phytoplankton, like dino昀氀agellates,
might have been present and dominant. Further, because silicate and

Fig. 7. On the left-axis (dashed lines) of a): silicon concentrations present as
dissolved silica, b): dissolved inorganic nitrogen (DIN; as NH3 + NOx) con-
centrations, and c): ratio of Si to DIN at Station 2 (purple) and Station 3 (green)
measured throughout the 2022 sampling season. Note that the y-axis of c) is
split between 4 and 14 μmol/L for better visualization of the trend. On the
right-axis (solid lines) of a-c): Pseudo-nitzschia spp. (PN) abundance at Station 2
(purple) and Station 3 (green) over the same time. d) Box plot of all Pseudo-
nitzschia spp. data measured during the 2022 sampling season at the 昀椀ve sta-
tions in the bay. For visualization on a log scale, measurements of 0 cells/L were
set to 1 cells/L. e-f) same as d) but for Si concentrations and DIN respectively.
The center horizontal line in the box plots is the median, while asterisks denote
outliers. Panels e) and f) depict median notches which demonstrate signi昀椀cant
differences between station medians at the 95 % con昀椀dence level when notches
do not overlap. Notches that extend past the interquartile range depicted by the
edges of the boxes are due to a small sample size (number of weekly samples)
and indicate low con昀椀dence (McGill et al., 1978).
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nitrate depletion can occur on the order of days (Gilpin et al., 2004), the
sampling resolution of our weekly sampled data might be too coarse to
result in high correlations, even if such correlations existed.

The spatial variability of Pseudo-nitzschia spp., Si, and DIN in the
study area (Fig. 7d-f) suggests that Pseudo-nitzschia spp. has greatest
abundance in the middle of the bay at the ‘bay stations’ (Stations 2 and
3; Fig. 7d), though the medians at these stations were not signi昀椀cantly
different from the other stations. Median notches computed using
MathWorks’ MATLAB software, based on the method of McGill et al.
(1978), were used to assess signi昀椀cant differences between station me-
dians at the 95 % con昀椀dence interval for Pseudo-nitzschia spp., Si, and
DIN, however these notches are not shown for Pseudo-nitzschia spp.
because the data are best visualized on a log-scale due to outliers >104
cells/L. At the ‘bay stations’, the Si concentrations are also lowest
(Fig. 7e), but only the Jordan station is signi昀椀cantly different from the
other stations, with the highest concentrations of Si. The DIN at the ‘bay
stations’ compares to the ‘nearshore stations’, except for the Jordan
station, which is furthest from the open ocean (Fig. 1b) and has higher
levels of DIN, although this difference is not statistically signi昀椀cant
based on the median (Fig. 7f). The lower concentrations of Si at Station 2
and Station 3 are speculated to be a result of depletion by the higher
abundance of Pseudo-nitzschia spp., due to accumulation of Pseudo-
nitzschia spp. at the ‘bay stations’, as observed during the tidal cycle
survey on June 15th, 2022. The correlation between Pseudo-nitzschia
spp. and Si over the weekly sampling period falling just short of the 85 %
CI is possibly a result of the limitations discussed earlier, therefore we

cannot con昀椀rm that Pseudo-nitzschia spp. are the main factor in昀氀uencing
Si depletion. However, to con昀椀rm that Pseudo-nitzschia spp. accumulate
at the ‘bay stations’ over timescales longer than one tidal cycle due to the
residual eddies, we considered the weekly sampled Pseudo-nitzschia spp.
abundance data from both 2021 and 2022.

In 2021, the median Pseudo-nitzschia spp. abundance at Station 2,
Station 3, and the Sullivan station were signi昀椀cantly greater than the
medians at the Jordan and MDIBL stations (not shown), which are
located near the coast, furthest from the outer ocean (Fig. 1b). There
were no signi昀椀cant differences between station medians in 2022, how-
ever weekly average cell counts over the sampling season at each station
indeed document the highest abundance of Pseudo-nitzschia spp. occur-
ring at Stations 2 and 3, in the middle of the bay in both 2021 (Fig. 8a)
and 2022 (Fig. 8b). Conclusions from Clark et al. (2019) lead to an
assumption that Pseudo-nitzschia spp. enter the bay from the outer Gulf
of Maine. Following that assumption, higher cell concentrations in the
center of the bay compared to the Bar Harbor station located on the
ocean side of the Porcupine Islands (Fig. 1b) support a conclusion that
the observed eddies have capacity to drive localized accumulation of
Pseudo-nitzschia spp. cells, causing higher concentrations in the bay
center despite greater distance from the Gulf when compared to Bar
Harbor. Although the results of the tidal cycle survey indicate that
surface measured Pseudo-nitzschia spp. concentrations are strongly
linked to near-surface turbulence, higher levels of cell abundance at
Stations 2 and 3 compared to nearshore at these longer timescales in-
dicates that residual 昀氀ows also play a role in the spatial distribution of

Fig. 8. Top panels: Average abundance of Pseudo-nitzschia spp. (PN) cells over the sampling period shown relative to all sampling stations during July–October in a)
2021 and b) 2022. MEDMR’s sampling data collected in the sampling window at their Bar Harbor and MDIBL stations were also included. The color and size of the
circles represent the average Pseudo-nitzschia spp. cell concentrations in cells/L (size of circles was based on log10(cells/L) scaled by a power of 4.2 to visualize
differences in abundance). Bottom panels: Box plots of the data collected during the sampling period at the seven stations shown in a) and b) for c) 2021 and d) 2022
respectively. The center horizontal line in the box plots is the median, while asterisks denote outliers. For visualization on a log scale, measurements of 0 cells/L were
set to 1 cells/L.
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the cell abundance.

4.3. Implications for monitoring & management

This study demonstrates the formation of residual eddies due to tidal
昀氀ow interactions with legacy geomorphic attributes related to a post-
glacial lake formed during the retreat of the Laurentide ice sheet from
Maine’s modern coastal area (Borns, 1973 and references therein; Borns
et al., 2004; Braun and Braun, 2016). The mechanism responsible for
eddy formation is lateral shear of the tidal currents caused by 昀氀ow in-
teractions with islands at the mouth of the bay and bathymetric gradi-
ents within the bay that steer tidal 昀氀ows. These eddies were found to be
relevant for the horizontal distribution of algae, leading to the accu-
mulation of algal cells at the periphery of the eddies, a phenomenon
observed in other regions of the world, but at larger scales (Coria-Monter
et al., 2014). The accumulation of phytoplankton by the eddies was also
shown to be relevant at timescales longer than the tide. These 昀椀ndings
are important because they both inform the spatial scales over which
local HAB monitoring should take place and indicate the potential for
algal “hot spots” to form in other similarly complex coastal estuaries
where transient eddies could form around islands, underwater hills, and
headlands. However, an important outcome from the weekly nutrient
sampling was the observed depletion of Si by Pseudo-nitzschia spp., fol-
lowed by a rapid decline in the Pseudo-nitzschia spp. population within
one to two weeks at the ‘bay stations’, where the residual eddies were
observed. It is possible that with greater sampling frequency, we would
have detected even greater peaks in Pseudo-nitzschia spp. abundance, as
growth rates are on the order of days (Morse et al., 2014). Indeed,
similar patterns between diatom species and Si have been observed in
other studies, with Si depletion occurring over timescales on the order of
days (Gilpin et al., 2004). These timescales might be of particular
concern in regions where local circulation patterns aid the accumulation
of algal cells because accumulation might continue for some time (days)
in nutrient depleted zones, leading to stress on the diatoms. This is
especially important in the context of Pseudo-nitzschia spp. and Si, as
insuf昀椀cient Si availability is thought to be a trigger for toxin production
in these diatoms (Bates et al., 1998). Yet, it is well recognized that the
relation between cell abundance and toxin production is not straight-
forward (Anderson et al., 2006; Trainer et al., 2012), and despite the
observed increases in Pseudo-nitzschia spp. in conjunction with Si,
insuf昀椀cient levels of domoic acid, the toxin produced by the species,
were detected in regular monitoring to indicate the presence of a HAB
(personal communication with MEDMR, December 4, 2023). However,
these results do provide some support for nutrient monitoring in addi-
tion to diatom monitoring, and for possibly increasing monitoring fre-
quency in localized ‘hot spot’ areas known for material accumulation.

Further, the comparison of turbulent dissipation rates and Pseudo-
nitzschia spp. measurements collected during the June 15th tidal cycle
survey suggests that near-surface mixing can in昀氀uence the depth of algal
cells. Elevated near-surface ε generated by eddies or other processes
such as wind shear can disperse algal cells into a monitoring zone.
Conversely, low ε might reduce the near-surface concentration despite
potentially large cell density below the monitoring zone. This 昀椀nding
implies that surface monitoring alone might not provide a complete
picture of Pseudo-nitzschia spp. abundance in a local area. Overall, the
昀椀ndings detailed in this study provide incentive to examine current
practices of HAB monitoring and management, especially to consider
the linkages between coastal geomorphology and hydraulic conditions
in昀氀uencing HAB sampling outcomes, and the in昀氀uence of millennial
time scales on modern hydraulic conditions.

4.4. Study limitations

In this study, two-dimensional (depth-averaged) numerical simula-
tions were used to focus on large-scale circulation features like the
eddies in the center of the bay. We have con昀椀dence that the two-

dimensional model output was appropriate because the depth-
averaged results match the observations well and because Frenchman
Bay is primarily barotropically (tidally) driven with small freshwater
inputs and large tidal ranges. However, some vertical variation in the
density and current structure was observed in the tidal cycle measure-
ments when the eddies formed (Figs. 2 and 3), indicating that further
insight could be gained from three-dimensional investigations. An un-
derstanding of the strength of the eddy circulation with depth could also
help to re昀椀ne the range of depths at which algal cell accumulation oc-
curs and therefore monitoring should take place. Greater spatial reso-
lution in the observations could provide more insight into the spatial
structure of the local circulation features, although such resolution is
dif昀椀cult to obtain in the 昀椀eld. It should also be noted that there are two
small islands between Bar Island and Long Porcupine Island (Fig. 1b)
that are incorporated into the model bathymetry data, and are therefore
included as topographic features, but are not included as closed
boundaries in the model domain. These features could result in the
enhancement of the modeled velocity over those regions (Fig. 5a).
However, these local phenomena are not believed to impact our overall
昀椀ndings because our investigation of the vorticity and residual 昀氀ow is
primarily focused on the center of the bay.

5. Conclusions

There are two main 昀椀ndings of this study. The 昀椀rst is that surface
Pseudo-nitzschia spp. abundance is linked to elevated near-surface tur-
bulent dissipation, indicating that surface monitoring alone may not be
suf昀椀cient to understand the temporal and spatial scales of some harmful
algal bloom species. The second is that tidal 昀氀ow interactions with
islands and sharp bathymetric gradients in Frenchman Bay produced
both transient and residual eddies that elevated near-surface turbulent
dissipation and accumulated Pseudo-nitzschia spp. cells. These vortical
structures were produced by tidal hydraulics interacting with coastal
geomorphology, and were advected into the middle of the bay during
昀氀ood tide. There, the eddies enhanced turbulent dissipation at some
locations, leading to increased Pseudo-nitzschia spp. cell counts,
measured at the water surface. The vorticity that presents as counter-
rotating submesoscale eddies in the center of the bay persists in the
residual 昀氀ow structure. These residual eddies accumulate material such
as Pseudo-nitzschia spp. since the eddy length scale is greater than the
tidal excursion length. The accumulation of material was reinforced by
satellite images showing dense zones of phytoplankton on the eddy
periphery, or ‘convergence zones,’ on the day of the tidal cycle survey.
Annual Pseudo-nitzschia spp. sampling also supports accumulation of
algae over longer timescales in the middle of the bay compared to the
surrounding estuaries and locations closer to the ocean boundary.

Our results suggest that silica concentrations might be an important
factor controlling the temporal variability in Pseudo-nitzschia spp.
abundance in Frenchman Bay, however more frequent sampling in
future investigations is necessary to con昀椀rm this. The results of this
study in general provide motivation to revisit current monitoring and
management strategies for HABs. Revised strategies responding to these
observations would consider associations between coastal geo-
morphology and tidal hydraulic conditions, and how these linkages can
in昀氀uence material accumulation patterns in estuaries in deglaciated
coastal settings.
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