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Abstract

:

The Damariscotta River Estuary in midcoast Maine, which houses over forty hectares of American oyster aquaculture, is characterized by several bathymetric sills, constrictions, and headlands. The geography, hydrology, and biochemistry of the estuary are closely intertwined, as its irregular shape contributes to spatially varying patterns of tidal flow, which are in turn responsible for sediment suspension. This project explores the spatial and temporal variability of the water level and current cycles of the estuary and how they are correlated to measures of water quality, such as turbidity, salinity, pH, and oxygen concentration. From July to November 2016, absolute pressure data from twelve sites were collected along the river, from which a tidal elevation time series was computed. In addition, velocity current profiles, water quality data, and wind data were obtained from surface buoys, and transects were collected in three major regions along the river. The lower and mid reaches of the estuary have a vertical shear structure of tidal flow, as high salinity water enters the estuary along the bottom during flood phase, is uplifted during the slack period, and flushed out at the surface during ebb phase. In this region, overtides are relatively weak compared to upstream, dissipation near the bottom is minimal, and turbidity and chlorophyll oscillate out of phase. North of the Glidden Ledges constriction, a headland causes the shear structure to become lateral, where dissipation is elevated during the flood phase throughout the entire water column. Dissipation has a quarter-diurnal harmonic due to increased turbulence during peak ebb and peak flood, which results in disproportionately high intratidal amplitudes in turbidity and chlorophyll. Overall, the bathymetry and tidal patterns of the estuary help to explain why the upper reaches tend to be more viable for shellfish aquaculture.
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1. Introduction


The Damariscotta River Estuary is home to over 40 hectares of aquaculture, primarily American oyster, along with blue mussel, scallops, and seaweed [1]. The river produces the majority of Maine’s oysters, between one million and three million units per year, and has a financial impact of millions of dollars each year [2]. The Damariscotta River features archaeological evidence of the negative impacts of climate change on shellfish. Oyster middens are mounds of human-disposed oyster shells, which line the edges of the river near Newcastle and Damariscotta and were formed from 200 BC to 1000 AD [3]. At the time the middens were discovered, there was an absence of oysters in the region. Increasing salinities and corresponding predators (oyster drill) and diseases (dermo and vibrio) were introduced to the system via climate change effects, leading to the extinction of the local oyster population, which has since rebounded. The Gulf of Maine waters are warming faster than 99% of the world’s ocean [4], which can impact water quality and wave climates [5]. Due to the direct and indirect effects of climate change on the aquaculture industry, there is considerable economic interest in understanding how hydrodynamics influence various parameters relevant to oyster growth, including turbidity, pH, salinity, and chlorophyll concentration.



Previous research into the Damariscotta estuary explored the unique features of the headland located north of a constricted sill at Glidden Ledges, and its effects on tidal dynamics [6]. A gyre forms upstream of the headland during the flood phase, which enhances inland flow over the eastern channel and is countered by seaward flow over the western shoals. This gyre results in opposing lateral shear structures in velocity that flow over each other, thus creating a vertical shear structure. Because of these secondary flows, tidal and intratidal patterns of lateral advection and stress divergence emerge. Lateral advection effects tend to dominate the dynamics near the surface, and bottom friction effect forces dominate at the bottom during neap tide and throughout the water column during spring tide. Recent research has also shown that floating oyster farms in the upper reach of the estuary induce surface friction effects that reduce flow through the region, influencing fluid momentum across the estuary [7].



Long-term transport of particles relevant to oyster aquaculture in tidally-driven converging estuaries is dominated by the tidal characteristics of the system. As the tide interacts with the surrounding bathymetry, several nonlinear forcing mechanisms such as advection and bottom friction interact with the dominant tide to create irregular high frequency overtides [8]. These barotropic overtides tend to be an order of magnitude smaller in water level amplitude than the dominant tidal harmonics, but their along-channel velocities can be quite significant and therefore impact long-term material transport [9]. These effects are compounded by constrictions which may either amplify or attenuate tidal energy flux depending on the shape of the constrictions and the composition of the river bed [10].



Previous research into the effects of tidal asymmetry, including flood–ebb difference in tidal amplitude and in duration on water quality has mostly pertained to sediment transport and salinity. Seasonal variation in semidiurnal and quarter-diurnal (M2 and M4) tidal phases can result in similar variation in material transport, and sediment flux may vary by 10% to 50% per year [11]. Sediment flux may also be influenced by tidal reflection off dams or constrictions. In estuaries with low river flows, suspended particulate matter originates from resuspension by tidal shear stresses acting on the riverbed [12].



Dissipation of kinetic energy plays an important role in the distribution of sediment in the estuary. Turbulent kinetic energy (TKE) production can be estimated as a product of the Reynolds stresses and the velocity shear [13]. According to Simpson et al. [14], TKE production is cubically related to the depth-mean tidal current speed and oscillates at double the frequency of the dominant tidal harmonic; therefore, semidiurnal tidal frequencies result in quarter-diurnal dissipation frequencies.



It has long been established that the patterns of tidal and subtidal flow in an estuary contribute to regions of estuary turbidity maxima, which can store up to a year of an estuary’s supply of sediment [15]. Phase differences between current velocity and suspended sediment caused by flood–ebb tidal velocity asymmetry can contribute to the residual fluxes of sediment [16]. Reynolds stresses in the flow alongside vertical velocity shear give rise to elevated rates of production of turbulent kinetic energy, which causes sediment to be lifted from the estuarine bottom [17]. Tidal patterns of sediment are correlated with tidal patterns in other water quality metrics, as sediment porewater has lower pH and oxygen than fresh river water [18]. In addition, since sediment inhibits sunlight and the development of phytoplankton, a link can be drawn between turbulence and chlorophyll measurements [19].



Research into correlations between tidal harmonics and other water quality parameters has been limited. In a coupled hydrodynamic and biochemical model, it was shown that phytoplankton bloom rates are dependent on the relative time scales of plankton growth and advection [20]. Blooms tend to flourish when freshwater discharge rates are low; however, some advection is necessary to ensure delivery of nutrients. Excess flow viscosity, which is inherently linked to dissipation, results in the production of sea foam which enhances chlorophyll production [19]. This may imply that dissipation and chlorophyll concentration operate on the same harmonic scale but out of phase.



Although there is considerable research into how tidal harmonics affect tidal asymmetry and thus material transport, there has been little research into how tidal patterns affect water quality on temporal scales. Metrics such as turbidity, salinity, and chlorophyll are generally researched through a spatial lens, or a long-term temporal lens, in terms of transport distances and subtidal flow. For example, longer estuaries tend to have greater concentrations of suspended particulate matter than shorter estuaries, due to their longer flushing times [21]. Longer flushing times may contribute to increased development of plankton and bacteria, as there is more opportunity for nutrients to be absorbed [22]. Climate change may play a role in algae production in estuaries, as irregular cycles of rainfall during the wet season followed by drought during the dry season can cause a cycle of increased inflow of nutrients followed by long residence times [23].



It is well known that waste products inherent in finfish aquaculture contribute to algae blooms on a variety of spatial and temporal scales [24]. However, a recent study concluded that there is no correlation between oyster aquaculture and the biomass of Zostera marina, but they may have an effect on the biome of organizations that live on seagrass [25]. In addition, the management and maintenance of aquaculture structures may significantly increase sediment concentrations within the water column [26].



This project asks how the geometry of a tidally driven estuary affects patterns of asymmetries and irregularities in tidal flow. The objectives of this work are to characterize the tidal behavior of this system, demonstrate how tides influence water quality, and describe their spatial variability. In a complex estuary like the Damariscotta River, an improved understanding of intratidal patterns may help to inform aquaculture siting, long-term trends, and the potential effects of climate change on aquaculture viability. First, the paper discusses the tidal dynamics of the estuary and describes how as the estuary converges, the diurnal and semidiurnal amplitudes remain steady, while the overtidal constituents are amplified. Next, transect data at three sites are utilized to explain how the varying bathymetry along the estuary results in tidal and quarter-diurnal patterns of TKE dissipation, and how dissipation is linked to increased turbidity primarily if the region of elevated dissipation extends to the estuarine bottom. The inverse link between turbidity and chlorophyll is also analyzed. Finally, the paper discusses the direct temporal correlation between the tidal harmonics of along-channel current velocity and the related harmonics of turbidity, salinity, chlorophyll, and pH.



Study Area


The Damariscotta River is a mesotidal glacially carved estuary in midcoast Maine with very little freshwater input (Figure 1). The estuary originates in Damariscotta Lake near the town of Newcastle and flows 30 km southward, draining into the Gulf of Maine (Figure 1). The estuary is generally convergent, with a width of 975 m at the mouth and 45 m at the head. The Damariscotta river is relatively short (wave number × estuary length   ∼ 0.35  ) and semidiurnally dominant (form factor = (diurnal amplitudes)/(semidiurnal amplitudes) = 0.142), with low discharge rates. Freshwater input is governed by the operation of Damariscotta Lake Dam, with a discharge ranging from 0.1 to 12    m  3  /s in 2016, with a wet season in the spring and a dry season in the summer and fall. Tidal ranges vary from 2.2 to 3.6 m from neap and spring tide at the mouth, respectively, and average annual precipitation is ∼1200 mm of rainfall and ∼1750 mm of snowfall [27]. Monthly precipitation ranges from ∼80 mm per month in the dry season to ∼120 mm per month in the wet season. Snowfall typically begins in late November and ends in early April, with the highest rates of ∼350 mm per month in January and February.



Multibeam bathymetry data shows that bedrock constrictions and sill morphology resulted in uneven distributions of sediment throughout the Holocene epoch [28]. Shipp et al. [29] identified eight sills or constrictions that define seven basins along with Salt Bay, which lies at the end of the estuary, but there are three significant constrictions that divide Damariscotta River geographically and dynamically into four primary regions. Fort Island, located 7.1 km landward of the coast, occupies about 75% of the cross-sectional area and is considered by [30] to be the official starting point of the estuary. Mid range in Damariscotta river lies Clark Cove, a right-angle bend in the river that is home to the Darling Marine Center and several aquaculture farms. Finally, Glidden Ledges is a 200 m wide constriction in the northern reach, which is characterized by large quantities of stored sediment and intertidal flats bounding a thalweg (Figure 1). Although the most sediment is stored in the northern region, the thickest sediment layers lie in isolated deposits in the middle and southern regions; however, around the Clark Cove constriction, much of the riverbed is exposed bedrock. The region of Damariscotta River between Fort Island and Clark Cove, the region between Clark Cove and Glidden Ledges, and the region north of Glidden Ledges are referred to as the southern, central, and northern reaches, respectively. Buoy and satellite derived data of chlorophyll-a, water temperature, and turbidity demonstrate that the northern reaches of the estuary are especially suitable for oyster aquaculture [31]. The high concentration of chlorophyll-a in the northern reaches is due in part to the high degree of light penetration in the area, reaching down to the benthic layer [32].





2. Materials and Methods


2.1. Data Collection


This project compiles data from a variety of sources and consolidates them into a single overview of the tidal and water quality dynamics of the Damariscotta River. Water level data were collected along 13 sites from 12 July to 12 November of 2016 using HOBO (Honest Observer by Onset) U20L Water Level Loggers moored to the river bottom by concrete anchors (Figure 1), with one additional logger deployed in air near Clark Cove to measure barometric pressure. Total elevation levels were computed at 1 min intervals from the difference between absolute and barometric pressures, divided by the density of water. Current velocities at a single point below the surface, as well as several water quality metrics such as turbidity, salinity, temperature, pH, and chlorophyll, were collected at one-hour intervals from two Sea-Bird LOBO (Land/Ocean Biogeochemical Observatory) buoys. They were deployed one meter below the surface in the center of the channel near Clark Cove and Hog Island, and they were maintained by the Sustainable Ecological Aquaculture Network (SEANET) from September 2015 to November 2016. A third buoy was deployed at the coast and measured a vertical profile of current velocity in two meter bin intervals and twenty min time intervals via a RDI WHS-600 kHz Acoustic Doppler Current Profiler (ADCP). The buoy also collected wind data at ten min intervals three meters above the surface via a Gill Instruments WindSonic Ultrasonic Wind Sensor. In addition, temperature and conductivity data were collected in five meter bins and twenty min time intervals via a Sea Bird Electronics MicroCAT (Computerized Axial Tomography) C-T (conductivity, temperature) recorder, from which water salinity and density were computed.



In order to get a more detailed perspective of spatial estuarine flow patterns along the estuary, lateral transect measurements were collected during spring and neap tide near Glidden Ledges on 29 April (spring) and 14 May (neap), 2017, near Clark Cove on 30 April (spring) and 13 May (neap), 2017, and near Hog Island on 17 June (neap) and 23 June (spring), 2017 (Figure 1). For each field day, a vessel towed 1200 kHz Acoustic Doppler Current Profiler (ADCP) and Rockland Scientific MicroCTD (conductivity, temperature, depth) were deployed near Dodge Lower Cove, just north of the Glidden Ledges constriction, to collect cross-channel transect data in roughly 30 min intervals for approximately 13 h. The ADCP was mounted in a trimaran, towed along-side another vessel traveling at 1.5–2 m/s and collected east–west and north–south current velocities throughout the cross-section in 0.5 m vertical bins. Concurrently, the MicroCTD collected density and turbidity data at four stations across the river. The MicroCTD was equipped with a pressure sensor, temperature and conductivity probes, turbidity and chlorophyll sensors, and 2 shear probes. For this study, the MicroCTD was used in descending mode in the middle reach and ascending mode in the upper reach, effectively creating vertical profiles ranging ∼1.5–2 m below the water surface to 1 m above the bottom. Between five and seven profiles were collected over a 10 min period and averaged to account for intermittency in turbulence measurements. It is important to note that discharge rates of the Damariscotta Estuary are much higher during the wet season than during the dry season, when the data near Glidden Ledges was collected (∼6 compared to ∼0.2     m  3  / s  ). Comparisons between LOBO data, ADCP data, and CTD data are only made at similar times of year, with similar forcing conditions.



Bathymetry data for the Damariscotta River was compiled from Chandler [28] and data for the Gulf of Maine are courtesy of the National Geophysical Data Center. The bathymetry data were merged through Kriging interpolation, which ensures the distribution of water depths is unchanged by the interpolation algorithm [33].




2.2. Data Processing


Water levels  η  were computed from pressure data, and water density was computed from salinity and temperature. Erroneous data were removed manually, and the water levels were detrended so that the time series  η  at each station has a zero mean and no linear trend. Tidal constituents were computed with the t_tide MATLAB script, which uses a modified least squares fit method to compute amplitudes and phases [34]. Since only the tidal elevation data were captured at a small enough time interval to distinguish between overtides of the same species, when discussing current, water quality, or transect data, the semidiurnal, quarter-diurnal, and sixth-diurnal tidal species are referred to as D2, D4, and D6 respectively, following Jay and Kukulka [35]. These three tidal species are mainly composed of the M2, M4, and M6 tidal constituents, respectively.



East–west and north–south velocities were rotated to reflect along and across channel velocities, postprocessed to eliminate error, and interpolated onto a uniform grid. The along channel and across channel velocity are defined as u and v, respectively, on a y-z (across channel-depth) axis in several time slices. Turbulence and dissipation data were processed as per Lieberthal et al. [6].



The power spectral density (PSD) of a discrete time series represents the power of the frequency component’s contribution to the signal, which is estimated for a finite, discrete series via a periodogram, with a hanning window of size 4. The PSD, represented by the variable S, is given for the tides, currents, and water quality metrics in the Discussion section. The PSD analysis is used to show the frequency distribution of power within each time series, and how certain tidal constituents emerge in the data that may not be obvious otherwise [36].





3. Results


3.1. Tidal Characterization


Table 1 shows the tidal species of water elevation and surface current at the coast, Clark Cove, and Hog Island. At the coast, the tides were measured to be flood–ebb symmetric in duration, and the tidal amplitude ranged from 1.1 to 1.8 m during neap and spring tide, respectively. The surface current at the coast featured a semidiurnal amplitude of 0.11 m/s in neap tide and 0.22 m/s in spring tide. Unlike in tidal elevation, the quarter-diurnal (D4) component of the surface current was not negligible, at about 11% the amplitude of the semidiurnal (D2) component. Hog Island had similar D2, D4, and sixth-diurnal (D6) current amplitudes as at the coast, but the current was reduced at Clark Cove. The D2 amplitude of current velocity at Clark Cove was just 0.18 m/s, and the D4 amplitude was one third of that at the coast and Hog Island. The diurnal amplitude was actually highest in the northern reach (due to the Glidden Ledges constriction), the semimonthly amplitude was uniform throughout the estuary, and the monthly amplitude diminishes upstream.



The PSD contour plot of tidal elevation at the 13 sites throughout the sampling period is shown in Figure 2. As expected, the semidiurnal tidal constituent was the most prominent throughout the estuary (S   ∼  10 7       m  2    c p d   − 1    ), followed by the diurnal components (S   ∼  10 5        m  2    c p d   − 1    ). The D4 overtide originated in the shallow region surrounding Fort Island, attenuated through the middle reach and amplified as it propagated landward (S   ∼  10 4        m  2    c p d   − 1    ). The D6 overtide originated north of the bend at Clark Cove, amplifying at the same rate as D4 as it propagated landward (S   ∼  10 4        m  2    c p d   − 1    ). In order to understand the relative significance of overtide amplitudes and phases, it is useful to consider them in terms of the D2 tide. The amplitudes of the D4 and D6 overtides, relative to D2, and their phase lags, defined as   2  ϕ  D 2   −  ϕ  D 4     and   3  ϕ  D 2   −  ϕ  D 6    , respectively, are shown in Figure 2.



With this in mind, connections can be drawn from the tidal dynamics of the estuary to tidal variations in water quality. The tidal analysis revealed stronger ebb currents compared to flood, which were induced primarily by bottom friction and depth variational friction induced by the converging estuary. The role of these tidal asymmetries, in conjunction with along-estuary variation in water quality parameters, is explored in the subsequent section.




3.2. Estuarine Dynamics


3.2.1. Coast Analysis


The Damariscotta estuary can be characterized by varying structures in tidal amplitude and subtidal velocity. The estuary originated with a vertically sheared structure near the coast, transitioned to a laterally sheared structure past Briar Cove, and finally to a sort of mixed structure further north. The vertical structure of flow where the estuary meets the Gulf of Maine was a two layer system (Figure 3). During the dry season, from the surface to a depth of 19 m, warmer, lower salinity water flowed out of the estuary, at a maximum velocity of ∼0.05 m/s at the surface. Below 19 m, cooler, higher salinity water flowed into the estuary, with a maximum subtidal velocity of ∼0.07 m/s at a depth of 39 m. Semidiurnal amplitudes were highest at the surface, at ∼0.25 m/s, decreasing gradually to ∼0.20 m/s at 39 m depth, then decreasing steadily to ∼0.07 m/s near the bottom. Quarter-diurnal amplitudes were roughly equal to   10 %   of semidiurnal amplitudes from the surface down to a depth of 35 m, below which they increase rapidly to equal the semidiurnal amplitudes. Dynamics during the wet season were qualitatively similar to those of the dry season, but tidal amplitudes were about   20 %   higher, as shown in Figure 4.



The mean temperature at the coast was ∼14    ∘  C during the dry season and ∼8    ∘  C during the wet season, when ice melt lowers the temperature of the estuary (Table 2). Semidiurnal amplitudes range from   0.25   to   0.45      ∘  C at the surface, increasing to a maximum   0.62   ∘    at 20 m depth. Throughout the water column, diurnal amplitudes of temperature were about half of the semidiurnal, and the monthly constituent was on the same order of magnitude as the semidiurnal constituent.



The estuary had slightly higher salinity in the dry season than wet, with a mean of   32.2   PSU compared to   30.8   PSU. Salinity increased by about   0.02   PSU, and temperature decreased by about 1    ∘  C with depth (Figure 3c–e). Salinity was semidiurnal dominant, with an amplitude of about   0.012   PSU at the surface and increasing to   0.055   PSU at 20 m (not shown). The fortnightly and monthly tidal constituents were of larger amplitudes than semidiurnal, at about   0.074   and   0.039   PSU, respectively, throughout the water column.



The quarter-diurnal components of temperature and salinity were each about half the amplitude of their respective semidiurnal components, with a qualitatively similar structure throughout the water column. These relatively high quarter-diurnal components were likely a result of the flood/ebb asymmetry inherent in the vertical flow structure. Salinity was higher in the ebb phase at the surface, but higher in the flood phase below 5 m depth (Figure 5). Temperature was the opposite, with higher temperatures during the flood phase at the surface and a higher temperature during the ebb phase below 5 m. Although the turbidity sensor was nonfunctional, the data collected further north at Clark Cove indicate that turbidity was likely enhanced during the ebb phase.




3.2.2. Clark Cove Analysis


Further north, the harmonic analysis of the Clark Cove buoy data indicates that the semidiurnal component of along-channel current velocity near the surface was consistent with the coast, and the fortnightly constituent was enhanced, but the diurnal and quarter-diurnal constituents were diminished. However, the fortnightly, D2, and D4 amplitudes of turbidity were roughly equal in magnitude, at about   0.30   NTU (Table 2).



Unlike at the coast, salinity at Clark Cove was semidiurnal dominant, with an amplitude of   0.090   PSU. The monthly and fortnightly amplitudes were lower than the semidiurnal amplitude, at   0.067   and   0.038   PSU, respectively, and the quarter-diurnal amplitude was diminished at   0.024   PSU. Water temperature was also semidiurnal dominant, at   0.56      ∘  C, and interestingly, this harmonic plays a larger role in temperature variation than the day/night cycle, which had an amplitude of   0.20      ∘  C. Monthly and fortnightly amplitudes were   0.35   and   0.18      ∘  C, respectively, and quarter-diurnal amplitudes were on a similar order of magnitude at   0.18      ∘  C.



Around Clark Cove, flood-ebb asymmetry began to develop in salinity as well as turbidity. An example of this is shown in Figure 5. Turbidity at the surface was higher during ebb than flood, and salinity was higher during the slack period after flood than after ebb. This asymmetry became even more noticeable further north, near Hog Island. Chlorophyll measurements tend to be flood–ebb symmetric, and the primary tidal constituents were the solar harmonics, such as K1, S2, and S4. The S4 amplitude (∼0.044  μ g/L) was a fraction of the S2 amplitude (∼0.22  μ g/L), but the tridiurnal (SK3) harmonic was significant at an amplitude of ∼0.13  μ g/L.



Figure 6 and Figure 7 show transect measurements for TKE dissipation, along-channel velocity, turbidity, and chlorophyll at Clark Cove, Glidden Ledges, and Hog Island. Density is also shown to illustrate the relationship between increased stratification and an uneven spatial distribution of turbidity.



In neap tide, semidiurnal tidal amplitudes of current velocity were highest at the surface, at   0.35   m/s, and decreased to   0.20   m/s near the bottom (Figure 4). Quarter-diurnal amplitudes were highest at the bottom, as   0.11   m/s or 40% of semidiurnal. Flow patterns in spring tide were qualitatively similar, with a maximum semidiurnal amplitude of   0.45   m/s at the surface and a minimum amplitude of   0.25   m/s at the bottom. Quarter-diurnal amplitudes were highest at the bottom, with an amplitude of   0.14   m/s, also about 40% of semidiurnal.



During neap tide,  ϵ  was also elevated during the ebb phase and highest at the surface (∼   10  − 6       m  2  /   s  3   ), extending downwards but not reaching the bottom (Figure 6a.1). TKE dissipation was relatively negligible (∼   10  − 7       m  2  /   s  3   ) during high tide and low tide and was similarly weak during the flood phase, when landward along-channel velocity was highest. These asymmetric patterns result in  ϵ  having a primarily semidiurnal pattern at the surface and quarter-diurnal patterns at the bottom.



TKE dissipation ( ϵ ) measured in the channel of Clark Cove was largest in between the ebb and flood phases (Figure 7a.1). During spring tide,  ϵ  was strongest at the end of flood phase, when velocities reach a maximum of 0.8 m/s, throughout the water column but especially at the surface (∼   10  − 5       m  2  /   s  3   ). TKE dissipation was elevated during the end of the ebb phase as well, when seaward along-channel velocity diminishes, but to a lesser extent (∼   10  − 6       m  2  /   s  3   ) at about 5 m below the surface. Since  ϵ  was largest at the surface during ebb and greatest below the surface during the flood, this indicates that dissipation during flood was linked to bottom friction, but dissipation during ebb was not. This has implications for tidal patterns in turbidity (Figure 7c).



Turbidity tended to be higher during spring tide (∼3.4 NTU) than neap tide (∼2.4 NTU) and tended to be elevated throughout the water column during the late ebb phase, when the water level was shallowest. According to buoy data, chlorophyll concentration, as opposed to turbidity, was slightly higher during neap tide (∼2.0  μ g/L) than spring tide (∼1.9  μ g/L) and was elevated at the surface during each slack period. In other words, turbidity tended to be correlated with elevated  ϵ , and chlorophyll tended to be correlated with diminished  ϵ .




3.2.3. Glidden Ledges Analysis


The next transect was situated immediately north of Glidden Ledges, near Dodge Lower Cove. TKE dissipation was highest during the flood phase, throughout the water column (∼   10  − 6       m  2  /   s  3   ) as high velocity water was forced through the constriction (Figure 6a.2). TKE dissipation was elevated only at the surface during the slack period after flood and at the end of the ebb phase (∼   10  − 6       m  2  /   s  3   ). These patterns were larger during spring tide, with a maximum  ϵ  of (∼   10  − 5       m  2  /   s  3   ) near the middle of the water column, and during the ebb phase,  ϵ  was somewhat elevated away from the bottom boundary (∼   10  − 6       m  2  /   s  3   ) (Figure 7a.2). This contributed to a higher quarter-diurnal  ϵ  amplitude during spring tide.



In neap tide, in the channel region, turbidity was highest during the ebb phase near the surface and during the flood phase near the bottom, with a maximum of ∼  3.6   NTU (Figure 6c.2). During spring tide, turbidity was higher during the flood phase than during ebb, at a maximum of ∼  5.3   NTU, and significantly higher in spring tide (mean of ∼  3.9   NTU) than neap tide (mean of ∼  2.8   NTU). High turbidity was linked to high  ϵ  only when the region of high  ϵ  extended all the way to the bottom. Throughout the cross-section, chlorophyll concentration was elevated at the beginning and end of ebb, at the surface, with a maximum of ∼  4.5    μ g/L in neap and spring tide. This increased chlorophyll concentration was likely originating upstream, near Hog Island.




3.2.4. Hog Island Analysis


Finally, attention is focused on the transects conducted in the northern reach of the estuary near Hog Island, where much of the aquaculture activity is located. TKE dissipation was highest during early flood (∼   10  − 4       m  2  /   s  3   ), and during peak flood,  ϵ  was much larger at the bottom of the channel compared to the rest of the water column (Figure 6a.3). The northern reach had both higher turbidity and higher chlorophyll levels than the rest of the estuary. Also, the flood–ebb asymmetry in turbidity and salinity that began near Clark Cove was most extreme in the northern reach (Figure 5). During peak ebb, turbidity reaches a maximum of 8 NTU, and chlorophyll reaches a maximum of ∼5  μ g/L, the highest observed at any point along the estuary. It was also the only region along the estuary at which high turbidity and chlorophyll were correlated. During flood phase, chlorophyll was elevated near the surface, and turbidity was elevated near the bottom, as increased stratification inhibits productivity below the surface.



During peak ebb,  ϵ  was elevated throughout the water column (∼   10  − 5       m  2  /   s  3   ). TKE dissipation was actually higher in peak flood during neap tide than during spring tide (Figure 6a.3). In neap tide, turbidity was largest (∼  3.5   NTU) throughout the water column from end of ebb to beginning of flood (Figure 6c.3). This was due to the absence of a salinity intrusion front during this period.



During spring tide, turbidity was largest (∼  4.1   NTU) in the lower water column during the end of flood, due to a salinity intrusion front introducing stratification that limited the upward extent of turbidity. During the ebb phase, elevated turbidity encompasses the entire water column, not just because of the shallow water depth but also because the salinity intrusion front was advected seaward, allowing for turbidity to reach the surface.



According to the LOBO buoy located near Hog Island, during the dry season, turbidity was higher during ebb than flood, and chlorophyll was roughly flood–ebb symmetric. D4 amplitudes of turbidity were about half the D2 amplitude (∼  0.42   NTU compared to ∼  0.90   NTU), and D2, D3, and D4 amplitudes of chlorophyll were roughly equal (∼  0.10    μ g/L). The D3 amplitude arises due to nonlinear interactions between the diurnal and semidiurnal harmonics. During the wet season, turbidity was still higher during the ebb phase, but chlorophyll was higher during the flood phase. Tidal amplitudes of turbidity and chlorophyll were reduced by about   20 %   due to increased stratification in the salinity intrusion front and colder temperatures, respectively. Turbidity tended to be much higher in spring tide than neap (∼8 NTU compared to ∼3 NTU), whereas chlorophyll tended to be higher in neap (∼6  μ g/L compared to ∼2  μ g/L). The transect measurements show that this discrepancy between turbidity and chlorophyll was likely due to increased TKE dissipation correlating with increased turbidity but decreased chlorophyll (Figure 8).



A particularly unusual phenomenon during the dry season was that in terms of acidity, D4 amplitudes of pH were actually twice those of D2 (∼  0.056   compared to ∼0.026), as shown in Figure 8b. However, no clear pattern of flood–ebb symmetry was apparent, as the pH value tended to vary more seasonally than tidally. Dissolved oxygen tended to be flood–ebb symmetric, according to the buoy measurements, and the D4 harmonic amplitudes were not particularly large (Figure 8d).





3.3. Tidal Influence on Water Quality


Power spectral density plots for chlorophyll a, dissolved oxygen, pH, salinity, water temperature, and turbidity, divided between wet and dry season, are shown in Figure 8. As a point of reference, the spectral power density of the tides at both locations was about   10 7       m  2    c p d   − 1     at D2 and   10 4       m  2    c p d   − 1     at D4 and D6, for a power ratio of about   10 3  . The spectral density was about   10 5       m  2    c p d   − 1     at the diurnal frequency. This means that if the power of a certain metric at D4 was at least   10  − 3    times the power at D2 (or at diurnal at least   10  − 2    times the power), then the corresponding harmonic has a disproportionately strong effect on that metric.





4. Discussion


This paper illustrates how irregularities in estuarine channel geometry, such as curvature and constrictions, contribute to tidal nonlinearity in water quality in the middle and upper reaches of a tidally driven estuary. Specifically, channel complexities contribute to intratidal harmonics of water elevation and current velocity, which in turn result in flood–ebb asymmetries. These asymmetries likely enhance net surface transport of suspended particulates, which are connected to all metrics of water quality relevant to shellfish aquaculture.



4.1. Upstream Tidal Evolution


Landward from the coast to the city of Newcastle, the diurnal constituent of water elevation declined slightly, and the semidiurnal constituent amplified slightly. On the other hand, the overtide harmonics, although small relative to the semidiurnal harmonic, were amplified by two- or threefold up the estuary. The exception was at Fort Island where the D4 overtide amplitude increased to 2.2% of D2, then dropped down to 1% of D2 at Clark Cove. The D2 tide was standing, although it did exhibit progressive characteristics typical in short converging estuaries, as the tidal propagation velocity was proportional to the e-folding length [37]. The tide advanced by   10 .  7 ∘    throughout the estuary, with the fastest increase in phase through the Fort Island constriction. In an idealized prismatic channel, one might expect water level amplitudes and current velocity amplitudes to be directly correlated, and for most harmonics, this was somewhat the case. The one exception was the quarter-diurnal harmonic, of which the current velocity but not the water level amplitude was diminished near Clark Cove. In general, overtides are amplified where the river is narrowest [38]. The high amplification of D4 between South Bristol and Fort Island can be explained by the constrictions around the island, which may enhance overtides via wave reflection [39] and bed stress [40].



The D4 overtide attenuated in the region between Clark Cove and Briar Cove and amplified as it was forced through the Glidden Ledges constriction near Briar Cove, reaching a maximum amplitude of 2.9% of D2 at New Castle. Since the D4 overtides are caused by a variety of forces, including bottom friction, depth variational friction, and, to a lesser extent, advection and nonlinear continuity [41], the influence of constrictions on this constituent are varied and often unintuitive [6]. On the other hand, the D6 overtide amplitude, as it was solely caused by bottom friction, was inversely proportional to the estuary depth. Similarly to D4, there was a strong amplification of D6 through Briar Cove, and it reaches a maximum relative amplitude of 2.3% of D2 at Newcastle. This implies that the overtide amplitudes were amplified by the shape of the converging or constricted channels.



The relative phase lag between the D2, D4, and D6 tides can be used to determine flood/ebb dominance along the estuary, meaning that either flood or ebb flow is of a higher velocity than the other, although the dominant phase is of shorter duration. North of Clark Cove, the phase lag between D2 and D4 was about   235 ∘  , which suggests ebb dominance by the definition proposed by Friedrichs and Aubrey [42]. By averaging over flood and ebb cycles, the flood phase tended to be of longer duration than the ebb phase, up to 25 min longer near Newcastle, but the ebb currents were on average about 12% stronger. This means that over sufficiently long periods of time, any particulates in the estuary will be flushed out through the river mouth. The mean amplitude of flood currents near Hog Island, according to the LOBO buoy, was 0.233 m/s, compared to ebb currents with a mean amplitude of 0.261 m/s. Similarly, at Clark Cove, the mean amplitude of flood currents was 0.119 m/s, whereas ebb currents had a mean amplitude of 0.129 m/s. The phase lag between D2 and D6 north of Clark Cove was about 300   ∘  , and according to Blanton et al. [43], the D6 overtide had a distortion effect on the tidal cycle, contributing further to ebb tidal dominance based on the phase angle   3  ϕ  D 2   −  ϕ  D 6    .




4.2. Dissipation and Water Quality


Throughout the estuary, TKE dissipation ( ϵ ) tended to be elevated during peak flood and peak ebb. This implies that  ϵ  manifests as a quarter-diurnal harmonic, as it oscillates twice during a semidiurnal tidal cycle. However,  ϵ  also tended to be larger either in the flood or in the ebb phase, which implies that intratidal asymmetry presents itself as a semidiurnal harmonic. As turbidity is linked to  ϵ  at the surface, the harmonics in  ϵ  serve as an explanation for why the D4 and D2 harmonics of turbidity were on the same order of magnitude, even though D4 amplitudes in tidal elevation and surface velocity were a fraction of the D2 amplitudes. Chlorophyll concentration had similar harmonics but oscillates out of phase with turbidity. Specifically, chlorophyll tended to be elevated during the slack periods when turbidity was lowest. Chlorophyll also tended to be flood–ebb symmetric, except in the northern reach during the wet season.



The estuary had a vertically sheared structure at the coast, as higher salinity water from the Gulf of Maine flows inland below the surface and fresh water flows seaward at the surface. The vertical structure persisted at the Clark Cove bend and was most apparent during peak ebb and flood. During neap tide,  ϵ  was elevated at the surface during the slack period between flood and ebb and throughout the water column during the slack period between ebb and flood.



Elevated levels of  ϵ  correlated with similarly elevated levels of turbidity only if the region of high  ϵ  extended to the bottom, where turbulence and shear stresses could enhance the suspension of sediment. Increased stratification during flood phase limits the extent of upward extent of sediment suspension, contributing to reduced turbidity at the surface [44]. Therefore, elevated turbidity in the slack period between flood and ebb was observed at Clark Cove only in spring tide, when  ϵ  was increased throughout the entire water column. Chlorophyll concentrations were by and large negligible near Clark Cove, although, as expected, they were somewhat higher at the surface than at the bottom.



Further upstream, at the Glidden Ledges constriction, the flow dynamics were heavily influenced by the 600 m constriction, in which flow was forced through the constriction and into the eastern channel during flood phase [6]. In this region, elevated  ϵ  was observed throughout the water column but only in the flood phase. This time period of high  ϵ  correlated with elevated turbidity as sediment was suspended, and with reduced chlorophyll concentration as sunlight was blocked. During the ebb phase, current velocities were extremely diminished below the surface. This encourages the continued suspension of sediment, which was why turbidity was observed at the surface in this phase.



In the northern reach, near Hog Island, the structure becomes a mix of lateral and vertical shear as the distorting effects of Glidden Ledges were somewhat diminished. Here, both turbidity and chlorophyll levels were significantly higher than any other region of the estuary, and this was the case throughout the water column and in both the flood and ebb phases. The higher turbidity levels were likely due to the high volume of sediment storage, as well as the shallow bathymetry that allowed surface-level shear patterns to extend to the estuarine bottom. Chlorophyll was elevated because the temperature here was on average 2    ∘  C higher than the middle and outer estuary, which makes the region especially viable for aquaculture. TKE dissipation was highest at the bottom throughout the entire tidal cycle, and throughout the water column during the flood phase.



At both Clark Cove and Hog Island, the D4 constituent of turbidity was on the same magnitude of spectral power as the D2 constituent, at least at the surface (Figure 8a). This is because turbidity tended to elevate during both the flood and ebb phase, resulting in four oscillations per day. During the dry season, this D4 harmonic in turbidity was observed throughout the water column, while during the wet season, it was primarily observed below the surface (not shown). The monthly tidal constituents were roughly equal in magnitude to the D2 and D4 constituents, which is common in tidally-driven estuaries [12]. Chlorophyll concentration oscillates primarily on a solar diurnal basis, as sunlight is necessary for plankton productivity. Higher frequency oscillations do occur in chlorophyll, but these were not due to the tides. They were due to intratidal interactions of the daily cycle of light exposure with vertical stratification in chlorophyll concentration [45].




4.3. Harmonics of Water Quality


Speaking more generally, intratidal asymmetry in along-channel current velocity tended to have an outsized influence in intratidal asymmetry on water quality metrics related to particulate concentration, especially due to their links to TKE dissipation. This was especially true for turbidity, which we used as a proxy for suspended sediment, and for chlorophyll concentration. Elevated turbidity, as measured by the surface buoys near Clark Cove and Hog Island, was heavily correlated with  ϵ  near the surface. Just as Glidden Ledges divided the estuary between a vertical and lateral shear structure, it also divided the estuary as to whether  ϵ  at the surface was higher during the ebb or flood phase. South of Glidden Ledges, the estuary behaved mainly as a converging channel, in which high salinity water flowed through the bottom layer of the estuary during flood phase, rose to the surface during the slack period, and was transported out during ebb. North of Glidden Ledges, surface  ϵ  was higher during flood as water was forced through the constriction and into the channel. Salinity was higher during spring tide than neap tide, as salt water was able to travel a further distance inward from the Gulf of Maine. However,  ϵ  and turbidity were higher in flood phase during neap tide because the lower velocity waters allow for greater suspension of sediment. Because of the high quantity of stored sediment and reflection off the Damariscotta Lake Dam, monthly and semidiurnal amplitudes of turbidity were higher in the wet season than the dry season in the northern reach.



The tidal composition of salinity was comparable to that of the along-channel current velocity. Salinity tended to be elevated when strong flood velocities transport saltier water landward from the Gulf Maine. Water temperature was highest during ebb, as shallower, upstream water that had been warmed by the sun was being advected seaward past the LOBO buoy and had a diurnal amplitude of about 4    ∘  C. Dissolved oxygen, on the other hand, tended to oscillate alongside with flood tide, as the surface tended to be more oxygen-rich. For both of these metrics, the relative power of the D4 and D6 components was the same as that of the D2 constituent. Finally, pH was unusual in that the D4 component was significantly more influential than the D2 component, likely due to intratidal interactions between tidal cycles of turbidity and the lower pH of sediment porewater. Since along-channel flow harmonics were correlated with TKE dissipation harmonics at double the frequency [14], explaining tidal relationships between TKE dissipation and water quality metrics helps to explain the relatively strong intratidal components of turbidity, pH, water temperature, and dissolved oxygen.



The harmonics of pH near Hog Island were especially unusual in that the D4 component was the primary driver of variability, especially in the dry season; however, no clear pattern of flood–ebb asymmetry was apparent. One possible explanation is that peak flood and ebb velocities interacting with the bottom driven by D4 overtides mobilize sediment into the water column. On a quarter-diurnal time scale, turbidity, the best indicator of suspended sediment, was in phase with along-channel currents, and the water was most turbid when currents were highest. Sediment porewater had lower pH and oxygen than regular river water [18], and sediment blocks sunlight, which affects temperature and chlorophyll levels.



The research presented in this paper demonstrates that frictional forces imposed by an irregular bathymetry influence tidal harmonics with a disproportionately significant effect on the analogous harmonics of turbidity, salinity, and pH. As the depth variation and bottom friction nonlinear forcing mechanisms were affected by flow rates and estuarine depth, their affects may be amplified or diminished by rising sea levels and higher precipitation. The northern region is exceptionally viable for oyster aquaculture because its lateral shear patterns assist in the retention of suspended nutrient particles. A possible consequence of climate change is that reduced friction may decrease exchange rates and transport distances. The upper estuary may witness higher turbidity and oxygen levels, and lower salinity and acidity, due to increased flushing times. However, should Glidden Ledges become overflooded by frequent storm events, materials may flush out of the estuary more rapidly. This would be a detriment to oyster aquaculture, and more research is necessary to determine the effects of climate change on particle retention in the northern region.





5. Conclusions


The irregular, converging bathymetry of the Damariscotta River Estuary significantly affects its tidal dynamics, including its tidal amplitudes, shear structure, and material transport rates. Each region of the estuary has its own unique nonlinear forcing dynamics that affect rates of dissipation and play disproportionately large roles in the health of the estuary. For example, multiple constrictions throughout the estuary cause along-channel shear flow to evolve from a vertical to a lateral to a diagonal structure, and the overtide components of water elevation steadily amplify upstream. These overtides, along with the shear structure, result in enhanced harmonic patterns of sediment suspension and TKE dissipation. Enhanced TKE dissipation causes enhanced turbidity if the region of high dissipation extends to the bottom, and tidal cycles in turbidity can be linked to opposing tidal cycles in chlorophyll concentration. Most importantly, the lateral shear structure in the upper estuary also assists in particle retention, which aids the region in being a particularly suitable site for shellfish aquaculture.



The dynamics of the estuary and its effects on water quality metrics are important to understanding both the key sites for aquaculture and the effects of climate change on aquaculture, and with additional flow data, we can shed more light on the behavior of fluid and material transport in other glacially carved estuaries. Numerical models that attempt to predict ideal sites for establishing aquaculture farms would be advised to consider patterns of irregular bathymetry in their framework.
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Figure 1. Collection sites along Damariscotta River on the coast of Maine. Water elevation data were collected at thirteen sites from July to November 2016, and current and water quality data were collected at three sites indicated by red dots. The red lines indicate transects that were collected in roughly half-hour intervals over two days in spring and neap tide at Clark Cove in April–May 2017, at Glidden Ledges in April–May 2017, and at Hog Island in June 2017. The contours represent still water level in m. 
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	Location
	Distance (km)
	Data Collected



	1
	Coast
	0
	Tides, Currents (vertical profile),



	
	
	
	Wind, Water Quality



	2
	South Bristol
	4.4
	Tides



	3
	Fort Island
	7.1
	Tides, Transects



	4
	Clark Cove
	11.5
	Tides, Currents (surface),



	
	
	
	Atmospheric Pressure, Water Quality



	5
	Salt Marsh Cove
	13.7
	Tides



	6
	Mears Cove
	14.7
	Tides



	7
	Briar Cove
	16.5
	Tides



	8
	Dodge Lower Cove
	17.4
	Tides, Transects



	9
	Wiley Cove
	18.8
	Tides



	10
	Dodge Upper Cove
	20.1
	Tides



	11
	Hog Island
	21.4
	Tides, Currents (surface),



	
	
	
	Water Quality, Transects



	12
	Dino Peninsula
	23.3
	Tides



	13
	Newcastle
	24.1
	Tides
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Figure 2. (a) Power spectral density contour plot of tidal elevation at each of the sampling sites. The x-axis represents the tidal frequency (in cycles per day)l, the y-axis represents the distance along the river, and Dn represents the nth-diurnal tidal species. (b,c) Relative amplitude and phase lag of D4 and D6 overtides, compared to D2 tides. 
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Figure 3. Mean and tidal range of along-channel flow velocity, temperature, and salinity at the coast of the Damariscotta estuary during wet season. (a,c,e) represent dry season, and (b,d,f) represent wet season. Positive velocity represents landward flow, and the shaded areas represent the range of values in a typical tidal cycle. 
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Figure 4. D2, D4, and D6 amplitudes of along-channel flow velocity at the coast of the Damariscotta estuary during wet season. (a,c,e) represent dry season, and (b,d,f) represent wet season. 
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Figure 5. Intratidal patterns of along-channel current velocity, turbidity, and salinity at about two meters below the surface near Clark Cove and Hog Island, recorded hourly on 1 September 2016. 






Figure 5. Intratidal patterns of along-channel current velocity, turbidity, and salinity at about two meters below the surface near Clark Cove and Hog Island, recorded hourly on 1 September 2016.



[image: Water 11 02603 g005]







[image: Water 11 02603 g006 550] 





Figure 6. Time contours of turbulent kinetic energy (TKE) dissipation, along-channel velocity, turbidity, and chlorophyll at the channel of Clark Cove, Glidden Ledges, and Hog Island, during neap tide. Density contours are overlaid on the turbidity contours and are labeled in units of kg/   m  3  . For along-channel velocity, red contours indicate landward flow (flood phase) and blue contours indicate seaward flow (ebb phase). The black line indicates the estuarine depth. 






Figure 6. Time contours of turbulent kinetic energy (TKE) dissipation, along-channel velocity, turbidity, and chlorophyll at the channel of Clark Cove, Glidden Ledges, and Hog Island, during neap tide. Density contours are overlaid on the turbidity contours and are labeled in units of kg/   m  3  . For along-channel velocity, red contours indicate landward flow (flood phase) and blue contours indicate seaward flow (ebb phase). The black line indicates the estuarine depth.
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Figure 7. Time contours of TKE dissipation, along-channel velocity, turbidity, and chlorophyll at the channel of Clark Cove, Glidden Ledges, and Hog Island, during spring tide. Density contours are overlaid on the turbidity contours and are labeled in units of kg/   m  3  . For along-channel velocity, red contours indicate landward flow (flood phase) and blue contours indicate seaward flow (ebb phase). The black lines indicate the estuarine depth. 






Figure 7. Time contours of TKE dissipation, along-channel velocity, turbidity, and chlorophyll at the channel of Clark Cove, Glidden Ledges, and Hog Island, during spring tide. Density contours are overlaid on the turbidity contours and are labeled in units of kg/   m  3  . For along-channel velocity, red contours indicate landward flow (flood phase) and blue contours indicate seaward flow (ebb phase). The black lines indicate the estuarine depth.
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Figure 8. Spectral density plots for turbidity, pH, temperature, dissolved oxygen, salinity, and chlorophyll a at Hog Island and Clark Cove, showing the relative power of each of their tidal constituents, separated between wet and dry season. For the purposes of these figures, wet season includes sampling dates from April through June 2016, and dry season includes sampling dates from July through September 2016. The red line in each plot indicates a 90% confidence interval, that is, any variation in power greater than that line has less than 10% probability of being attributable to random noise. 
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Table 1. Tidal elevation amplitudes and surface current velocity species amplitudes at the surface of the coast, Clark Cove, and Hog Island. Current tidal amplitude data are divided between the wet season and dry season.
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Tidal Elevation Amplitude (m)




	
Species

	
Coast

	
Clark Cove

	
Hog Island




	
Monthly

	
0.018

	
0.0042

	
0.0079




	
Semimonthly

	
0.021

	
0.019

	
0.018




	
Diurnal

	
0.013

	
0.0062

	
0.068




	
Semidiurnal

	
1.21

	
1.21

	
1.23




	
Quarter-diurnal

	
0.0087

	
0.013

	
0.023




	
Sixth-diurnal

	
0.0060

	
0.0059

	
0.0120




	

	
Current (m/s)




	

	
Coast

	
Clark Cove

	
Hog Island




	
Species

	
Wet

	
Dry

	
Wet

	
Dry

	
Wet

	
Dry




	
Monthly

	
0.029

	
0.011

	
0.0047

	
0.0048

	
0.0035

	
0.0052




	
Fortnightly

	
0.013

	
0.0070

	
0.0034

	
0.0025

	
0.0017

	
0.0014




	
Diurnal

	
0.028

	
0.028

	
0.0075

	
0.0081

	
0.021

	
0.015




	
Semidiurnal

	
0.29

	
0.30

	
0.26

	
0.27

	
0.30

	
0.27




	
Quarter-diurnal

	
0.038

	
0.051

	
0.0081

	
0.0076

	
0.043

	
0.037




	
Sixth-diurnal

	
0.016

	
0.011

	
0.022

	
0.027

	
0.0097

	
0.0071
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Table 2. Mean and harmonic amplitudes for water turbidity, temperature, and salinity near the surface at three sites along the Damariscotta Estuary. The data are divided between the wet and dry season. For the purposes of these figures, wet season includes sampling dates from April through June 2016, and dry season includes sampling dates from July through September 2016. Note that turbidity data for the coast are missing.
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Turbidity (NTU)

	




	

	

	

	
Clark Cove

	
Hog Island




	
Species

	
Wet

	
Dry

	
Wet

	
Dry

	




	
Mean

	
N/A

	
N/A

	
1.91

	
2.41

	
3.14

	
3.81




	
Monthly

	
N/A

	
N/A

	
0.25

	
0.62

	
0.82

	
0.42




	
Fortnightly

	
N/A

	
N/A

	
0.33

	
0.15

	
0.51

	
0.49




	
Diurnal

	
N/A

	
N/A

	
0.05

	
0.08

	
0.32

	
0.31




	
Semidiurnal

	
N/A

	
N/A

	
0.29

	
0.47

	
1.02

	
0.81




	
Quarter-diurnal

	
N/A

	
N/A

	
0.15

	
0.24

	
0.45

	
0.45




	
Sixth-diurnal

	
N/A

	
N/A

	
0.03

	
0.06

	
0.13

	
0.13




	

	
Temperature (   ∘  C)




	

	
Coast

	
Clark Cove

	
Hog Island




	
Species

	
Wet

	
Dry

	
Wet

	
Dry

	
Wet

	
Dry




	
Mean

	
10.27

	
15.52

	
12.15

	
18.17

	
14.99

	
21.55




	
Monthly

	
0.98

	
0.60

	
0.80

	
0.69

	
1.50

	
0.63




	
Fortnightly

	
0.46

	
0.30

	
0.46

	
0.27

	
0.92

	
0.36




	
Diurnal

	
0.17

	
0.20

	
0.19

	
0.23

	
0.39

	
0.34




	
Semidiurnal

	
0.24

	
0.46

	
0.47

	
0.64

	
0.62

	
0.73




	
Quarter-diurnal

	
0.06

	
0.10

	
0.15

	
0.22

	
0.08

	
0.18




	
Sixth-diurnal

	
0.04

	
0.07

	
0.07

	
0.10

	
0.02

	
0.01




	

	
Salinity




	

	
Coast

	
Clark Cove

	
Hog Island




	
Species

	
Wet

	
Dry

	
Wet

	
Dry

	
Wet

	
Dry




	
Mean

	
31.34

	
31.74

	
30.65

	
31.53

	
29.53

	
31.16




	
Monthly

	
0.17

	
∼0.00

	
0.22

	
0.01

	
0.31

	
0.06




	
Fortnightly

	
0.08

	
0.03

	
0.10

	
0.04

	
0.15

	
0.08




	
Diurnal

	
∼0.00

	
0.01

	
0.01

	
0.01

	
0.03

	
0.03




	
Semidiurnal

	
0.02

	
0.01

	
0.13

	
0.05

	
0.46

	
0.16




	
Quarter-diurnal

	
0.01

	
∼0.00

	
0.04

	
0.01

	
0.10

	
0.05




	
Sixth-diurnal

	
∼0.00

	
∼0.00

	
0.02

	
0.01

	
0.01

	
0.01
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