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Modelling water temperature
dynamics for eelgrass (Zostera
marina) areas in the nearshore
Scotian Shelf
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Water temperature is an important environmental factor for many ecological
processes in coastal ecosystems. Here, we study water temperature dynamics at
a set of study sites on the Atlantic coast of Nova Scotia where eelgrass beds are
found. The central emphasis is to predict temperature on scales relevant to
coastal ecosystem processes using a high-resolution nearshore oceanographic
model based on the Finite Volume Community Ocean Model (FVCOM). The
model predictions were evaluated against observed temperature time series at
six sites for three years from 2017-2019; the evaluation indicates that the model
was able to replicate the temperature variation on time scales from hours to
seasonal. We also used various biologically tailored temperature metrics relevant
to eelgrass condition, including mean seasonal values and variability, daily ranges,
growing degree day (GDD), and warm events, to validate the model against time
series observations to better understand the temperature regime at the study
sites. Frequency resolved Willmott skill scores were >0.7, and the temperature
metrics were well predicted with the exception of a bias in GDD at some of the
shallow sites. The eelgrass sites have a wide range of temperature conditions.
Mean water temperature in the summer differed by more than 7°C between the
shallowest and the deepest sites, and the rate of heat accumulation was fastest at
shallow sites which had > 12 extreme warm events per year. While the amplitude
of the temperature variations within the high frequency band (<48 hr) was greater
in shallower sites, temperature changes on meteorological time scales (48 hr to
60 days) were coherent at all sites, suggesting the importance of coast-wide
processes. The results of this study demonstrated that our high resolution
numerical model captured biologically relevant temperature dynamics at
different time scales and over a large spatial region, and yet still accurately
predicted detailed temperature dynamics at specific nearshore sites. Thus, the
model can provide important insights into coastal temperature dynamics that are
potentially useful for conservation planning and understanding the implications
of future change.
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1 Introduction

Nearshore temperature dynamics can be highly heterogeneous
both spatially and temporally, due to the complex interplay of air-
sea heat fluxes with localized geometry, atmospheric forcings that
influence water currents and mixing, and its interaction with shelf
and deep ocean physical processes. In turn, these highly variable
temperature regimes have potentially significant effects on valued
ecosystem components and influence coastal ecosystem processes.
Eelgrass (Zostera marina) ecosystems provide important ecosystem
services such as shoreline protection, water filtration, carbon
storage, and fisheries maintenance (Fourqurean et al, 2012;
Nordlund et al, 2016). Light, temperature, and nutrients all
influence eelgrass growth and production (Lee et al., 2007;
Enriquez et al, 2019). In this study, we focus on nearshore
temperature dynamics which is a direct and indirect structuring
elements for seagrass ecosystems, and of particular interest in the
context of climate change. Previous work has shown that
temperature effects on eelgrass are multi-faceted (Krumhansl
et al, 2021; Wong and Dowd, 2023). Eelgrass is also susceptible
to marine heatwaves that originate offshore but propagate into, and
are exacerbated by, nearshore conditions (Marba and Duarte, 2010;
Moore et al., 2014; Strydom et al., 2020; Wiberg, 2023).
Understanding the relationship of coastal ecosystem processes
with the physical environment requires high resolution physical
data across large spatial scales. Unfortunately, in the nearshore zone
it is often not feasible to obtain this information from in-situ
measurements or satellite data due to limitations in data
resolution and spatial scales. Hence, we must rely on properly
calibrated and validated numerical ocean models. Despite advances
in oceanographic model developments, predicting temperature
accurately and capturing its variability on the small but important
spatial and temporal scales characteristic of the nearshore is
difficult. The reasons include accurately representing advective
processes due to complex coastlines and bathymetry, adequately
resolving air-sea heat exchange and absorption, and ensuring
proper dynamical coupling with the adjacent shelf. Furthermore,
model predictions are most useful if they are evaluated using
ecologically meaningful temperature metrics that are linked to
target ecosystems or species.

Our study region is the Atlantic coast of Nova Scotia, Canada.
Water temperature over the Scotian Shelf has strong spatial and
seasonal variability, with the main controlling mechanism being the
air-sea heat flux (sum of the flux of solar heating, sensible heat,
latent heat and longwave radiation) that accounts for about 85% of
the observed temperature variability (Umoh and Thompson, 1994).
Cold water upwelling yields an important temperature signal in
summer, and horizontal advection and vertical mixing have
relatively smaller contributions. Additionally, large scale
variations in water temperature over the Scotian Shelf are related
to the two dominant equatorward flows over the Scotian Shelf
(Thompson et al., 1988; Petrie, 2007; Brickman et al., 2018). The
first is the inner-shelf current along the Atlantic coast, fed by a
branch of the outflow from Gulf of St. Lawrence; and the second is
the current along the shelf break, that is an extension of the
Labrador Current (Sutcliffe et al., 1976). The two seasonally
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varying currents are topographically steered by banks, basins and
channels, leading to variations in water temperature (Petrie and
Drinkwater, 1993; Drinkwater, 1996; Hannah et al., 1996; Wu
et al., 2016).

Numerical models of the physical oceanography in this region
have emphasized the Scotian Shelf, but largely ignored the
nearshore due to the difficulty in adequately resolving it, despite
its importance to many valued ecosystem components such as
eelgrass. During the last four decades, numerical models have
been developed for the Scotian Shelf based on various types of
circulation models with different model resolutions. For example,
using finite element models, Han et al. (1999) and Hannah et al.
(2001) investigated the seasonal variation of the circulation over the
shelf with model resolution that varied from 2 km over the coastal
waters to 30 km in the deep ocean. Using a nested-grid modelling
system, Sheng et al. (2006) studied the response of the upper ocean
to storms using a model resolution over the shelf of about 7 km.
Using an ice-ocean coupled model based on the Princeton Ocean
Model, Wu et al. (2012) developed a circulation model with a
horizontal resolution of about 10 km, while Katavouta et al. (2016)
developed an ocean circulation model based on the Nucleus for
European Modeling of the Ocean (NEMO) with a horizontal
resolution of 2.8 km. These models represent well the key
dynamics driving large-scale temperature variations over the
Scotian Shelf, but cannot accurately represent nearshore processes
due to the relatively coarse model resolution used. More recently,
Feng et al. (2022) developed a model based on the Finite Volume
Community Ocean Model (FVCOM) for the eastern shore island
area of the Scotian Shelf, however the spatial variation of water
temperatures in the target eelgrass areas in this study were still not
adequately resolved. The challenge to accurately modelling the
nearshore temperature is the complicated bathymetry and
coastlines. This requires spatial resolution down to a few meters
to achieve reasonable temperature predictions, and to accurately
represent the nearshore dynamics (Lynge et al.,, 2010; Poje et al.,
2010; McWilliams, 2016).

The eelgrass areas used for this study are characterized by
irregular coastlines, deep bays with steep shorelines, shallow bays
with elevated intertidal flats and tidal channels, and many islands
and headlands with strong tidal flows. Consequently, these eelgrass
beds inhabit a wide range of environmental conditions, from
shallow, warm, protected waters to deep, cool, exposed waters
(Wong, 2018; Krumhansl et al., 2021). Eelgrass beds also
experience high temporal variability in water temperature from
not only localized processes such as air-sea heat fluxes (i.e., local
forcing), but also tidal and wind driven advective heat fluxes
originating on the shelf (i.e., remote forcing) (Wong et al., 2013;
Wong and Dowd, 2021). To understand the dynamics of water
temperature in the eelgrass areas, in this study we develop a high
resolution numerical oceanographic model which uses an
unstructured mesh that allows for very high spatial resolutions at
sites of interest. This allows us to represent the complex coastline
and bathymetry and to provide accurate water temperature
predictions where needed. Using the model results, we examine
ecologically meaningful temperature metrics (i.e., mean
temperature, heat accumulation, daily temperature range, thermal
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physiological threshold exceedances) that are known to influence
seagrass growth and productivity (Krumhansl et al,, 2021; Wong
and Dowd, 2023). Finally, a simple heat budget is developed to
identify the primary mechanisms underlying the temperature
dynamics at select study sites.

2 Materials and methods
2.1 Model configuration

The ocean model used in this study is the FVCOM 4.4, which is
a finite-volume, unstructured grid ocean model (Chen et al., 2007,
2003). The model has a free surface, uses sigma coordinates in the
vertical direction, and employs a mode time split. FVCOM solves
the three-dimensional momentum, continuity, temperature and
salinity equations by computing fluxes between unstructured
triangular elements. The unstructured mesh system in the model
is able to fit complex coastlines and enables a seamless transition
between small-scale processes in eelgrass areas and large-scale
processes in the adjacent shelf and open ocean, while maintaining
computational efficiency. The model domain and model grid size
are shown in Figure 1. The model mesh includes 176755 nodes and
335819 elements. The horizontal resolution of the model mesh
varies from 1-2 km in the open shelf to 10 m in the near-shore
waters. An example of where locally very high resolution is
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important is Port I'Hebert, where the water temperature is
strongly associated with the water advection through a narrow
channel with the width less than 100 m (Figure 1A).

The model bathymetry is based on high resolution survey data
(10 m in our study areas) from the Canadian Hydrographic Service
(CHS). The model bathymetry is further smoothed in elements
where the Haney number (a measure of the horizontal pressure
gradient (HPG) error, Haney, 1991) is larger than 6. The
bathymetry smoothing was locally within the depth of a node and
those of the neighbor nodes (5-7 nodes). The aim of the smooth is
to avoid large errors caused by the HPG over steep slopes induced
by the sigma levels. It is worthy to note that the bathymetry is
smoothed locally, the water depth of an element with the Haney
number larger than 6 is averaged with its depth and the depth of
elements around it. The water column with the minimum water
depth of 0.1 m is divided into 30 layers in the vertical. In this study,
a generalized sigma coordinate system was used (Chen et al., 2012).
For water depths shallower than 60 m, the sigma levels are
uniformly distributed through the water column. For water
depths deeper than 60 m, we used a generalized coordinate
system to resolve the bottom boundary layer and to reduce the
horizontal pressure gradient error: 10 uniform layers in the surface
layer with an interval of 2 m, 5 uniform layers in the bottom layer
with a 2 m interval, and 15 levels stretched to span the center of the
water column. Vertical turbulent mixing is modelled with the
General Ocean Turbulence Model (GOTM) using a k-e
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FIGURE 1

Map showing the model domain, depth, and the computational mesh, along with the eelgrass study sites: Model domain (D) and details of the
model mesh resolutions for core study areas (A-C). The locations of all study sites are the sites listed in Table 1. The designations S1-S6 refer to Port
'Hebert, Port Joli, Mason's Island, Sacrifice Island, Sambro, and Taylor Head, respectively.
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formulation (Umlauf and Burchard, 2005), and the horizontal
diffusion is parameterized as the Smagorinsky diffusivity with a
coefficient of 0.1. The heat flux is calculated with Coupled Ocean-
Atmosphere Response Experiment (COARE) 2.6 (Webster and
Lukas, 1992).

The temperature and salinity of the model are initialized from the
daily reanalysis results of GLORYS12v1 with 1/12° resolution (Jean-
Michel et al., 2021). The open boundary conditions employ a one-
way nesting scheme with variables (water elevations, temperature,
salinity and currents) from GLORYS12v1. The tidal components are
also included through the nesting; the tidal water elevations and tidal
currents of eight major tidal constituents (M2, S2, N2, K2, O1,K1, P1,
and Q1) are from the tidal dataset of TPXO9 (Egbert et al., 1994;
Egbert and Erofeeva, 2002). Surface atmospheric forcing consists of
wind at 10 m above the ocean surface, air temperature at 2 m, relative
humidity at 2 m, precipitation, evaporation, shortwave radiation, and
longwave radiation. We obtained these forcings with 1/4° resolution
from ERAS5 reanalysis datasets from the European Centre for
Medium-Range Weather Forecasts. The FVCOM model as
configured above outputted hourly 3D total currents, temperature,
and sea level for the period of 2016 - 2022.

2.2 In-situ observations for
model validation

Bottom water temperature and water pressure (i.e., sea level)
were recorded at six eelgrass sites along the Atlantic coast of Nova
Scotia, Canada (Figure 1, Table 1). These sites represent a range of
environmental conditions over which eelgrass beds occur, including
gradients of temperature, light, sediment properties, and water
movement, all influenced by tidal currents, winds, waves, and
bathymetry (Bakirman and Gumusay, 2020; Krumhansl et al.,
2020, 2021; Wong and Dowd, 2021). Port I'Hebert, Port Joli, and
Mason’s Island are the shallower sites (mean depth at high tide< 2
m) with muddy/silty sediments, low current speed, and low
exposure to waves and offshore processes (Table 1, Figure 1).

10.3389/fmars.2024.1374884

Other beds (Sacrifice Island, Taylor Head, and Sambro) were
located in deeper water (mean depth at high tide > 3 m), with
sandy sediments, higher current speeds, and higher exposure to
waves and offshore dynamics (Table 1, Figure 1) (Krumhans] et al.,
2020; Wong and Dowd, 2021).

Water depth was calculated from water pressure measurements
made at 10 cm above the bed at 10 minutes intervals using HOBO
pressure sensors (Onset Corp) during 24 July 2020 to 24 November
2021, and used for observing sea level variation. We used the water
temperature records by HOBO tidbit temperature loggers (Onset
Corp) at 10 cm above the bed and logged data every 15 minutes
from 1 June 2018 to 31 October 2021, and used these data for model
validation. The observed data were generally recorded continuously
although some logistical challenges resulted in shorter deployments
at some sites (Table 1). All the loggers were placed directly in the
eelgrass beds to record the actual conditions that the eelgrass
experiences. At some shallow sites, this meant that loggers were
periodically exposed to the air at very low tides, as were the seagrass
beds. Temperature recordings from exposure were thus sometimes
higher (>30 °C) and lower (below freezing) than expected if the
loggers had remained submerged. Extreme air temperatures have
been shown to impact seagrasses (Park et al., 2016), so we elected to
retain these temperatures.

2.3 Data analysis

2.3.1 Validation of water level

The tidal components of sea level from FVCOM are compared
to those from sea level records at the eelgrass sites for five selected
dominant principal tidal constituents (O1, K1, N2, M2, and S2 with
periods of 25.84 hr, 23.92 hr, 12.66 hr, 12.42 hr, 12.00 hr,
respectively), four overtides (M4, S4, M6, and M8 with periods of
6.21 hr, 6.00 hr, 4.14 hr, 3.11 hr, respectively), and one compound
tide (2MK5 with period of 4.93 hr) with a signal-to-noise ratio
greater than 2. The amplitudes and phases of the tidal constituents
are calculated using the T-Tide toolbox of Pawlowicz et al. (2002).

TABLE 1 Location, mean depth, and the period of observations at the six eelgrass sites.

Site Lat. Lon. Mean depth at Observed water Observed water
high tide (m) depth period temperature period
Port I'Hebert 43.8681 -64.9633 1.82 24/06/2021 to 24/10/2021 01/06/2018 to 20/03/2020 and
26/05/2020 to 31/05/2021
Port Joli 43.8754 -64.9009 1.59 24/06/2021 to 24/10/2021 01/06/2018 to 19/02/2019 and
18/04/2019 to 24/10/2021
Mason’s Island 44.3899 -64.2788 1.91 24/06/2021 to 24/10/2021 01/06/2018 to 27/03/2019 and
06/05/2019 to 31/10/2021
Sacrifice Island 443967 -64.2360 3.28 24/06/2021 to 24/10/2021 01/06/2018 to 04/02/2019 and
06/05/2019 to 31/10/2021
Sambro 44.4554 -63.5879 6.36 24/06/2021 to 24/10/2021 01/06/2018 to 25/04/2019 and
15/08/2020 to 08/12/2020 and
16/06/2021 to 31/10/2021
Taylor Head 44.8205 -62.5719 3.89 24/06/2021 to 24/10/2021 10/06/2018 to 31/10/2021
Frontiers in Marine Science 04 frontiersin.org
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2.3.2 Prediction of temperature variations

The temperature time series from both the observations and
model predictions were processed to isolate signals in different
frequency bands, specifically: (i) low frequency (changes occurring
over with periods > 60 days); (ii) middle frequency (changes that
occur with periods ranging from 48 hr to 60 days); and (iii) high
frequency (temperature changes that occur with periods < 48 hr).
This corresponds to the time series decomposition

T(t) = Tseus(t) + Tmet(t) + Ttidul(t) (1)

where t is time, T(t) is the original temperature series, Ty, (2) is the
low frequency seasonal cycle, T, (t) is the mid frequency
meteorological band variations, and Ty, (t) includes the high
frequency with tidal and daily periods. Note that spectral gaps
typically exist between these bands. Low frequency temperature
changes, T, (1), are related to seasonal and annual cycles (on the
order of months to years). Middle frequency temperature
variations, T, (t), are associated with meteorological events such
as storms and wind driven upwelling events that advect cold deeper
water onshore and rapidly drop the temperature (Platt, 1971), or
any processes with time scales of days to weeks. High frequency
temperature changes, Tj;4, (1), are usually related to tidal exchanges
and daily heating and cooling processes (period of 10 - 48 hr).
Overtides also contribute to high frequency temperature variation,
and are usually harmonics of the principal tidal constituents with
periods of 3-10 hr. The analysis was carried out as follows. T, (1)
was determined by fitting polynomial functions to the raw
temperature data at each site that captured the seasonal cycle. To
fit the seasonal cycle (Equation 1) we chose a polynomial rather
than sinusoids since the typical shape of the seasonal cycle was non-
sinusoidal and readily captured with a low order polynomial.
Otherwise, it would have required the superposition of a number
of sinusoids and different frequencies (plus an offset or trend) in
order to capture the shape properly. The de-seasonalized time
series, or anomalies, were then calculated by subtracting the fitted
seasonal cycle, Ty, (1), from the original temperature time series, T
(t). This yields the temperature anomaly T,,.; (t) + Tyiga (). A low-
pass filter was then applied to the temperature anomaly time series
to obtain the meteorological (mid frequency) band, T, (t). The
high frequency (tidal/daily) band, T4, (t), was then calculated by
subtracting the T, (t) from the temperature anomaly.

Time series of the three different frequency bands at each site
were compared for the observations and model predictions using
the Willmott skill (WS, Willmott, 1981), defined as:

WS =1-MSE/ ((|m—(o)|+|o—-(0)])?) @

where MSE = ( (m - 0)*) is the mean square error, m and o are
time series of the modelled and observed variables, respectively, and
() represents a mean. The highest (1) and lowest (0) values of WS
show perfect agreement and complete disagreement between the
model predictions and observations, respectively. This method has
been used previously for assessment of numerical models for
simulation of different parameters in aquatic environments (e.g.,
Warner et al., 2005; Wilkin, 2006; Liu et al., 2009). In addition to
this frequency resolved WS, summary statistics of the bottom water
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temperature including mean, maximum, and minimum
temperatures, standard deviation (SD), and the 95th percentile are
used to compare the model predictions and observations.

2.3.3 Spectral analysis of water temperature

A power spectral analysis of the bottom water temperature at
each site for both the observed data and model predictions was
performed. These analyses help with identifying the dominant
frequencies of the water temperature variation (e.g., diurnal tides,
solar heating and cooling, semi-diurnal tides, overtides and
compound tides in shallow waters), as well as assessing the
capability of the model in computing them as compared to those
found in the observations.

2.3.4 Eelgrass specific temperature metrics

Model accuracy in prediction of water temperature metrics
ecologically relevant for eelgrass were also evaluated and include:
growing degree days (GDD); warm water events that exceed
physiological thresholds; and daily temperature range.

The thermal integral, known as growing degree days (GDD),
has been used in horticulture and fish studies to predict growth
and development (Neuheimer and Taggart, 2007). GDD
quantifies heat accumulation over time in a system and has
been shown to influence eelgrass productivity and resilience
(Krumbhansl et al., 2021; Wong and Dowd, 2023). Here, GDD
from model predictions and from in-situ observations is
estimated by:

t

GDD(t) = / max((Tmux + Tmin)/2 - Thase>0)dt (3)
ty

Where, when a full year of observed data available at all sites, T, and
T,in are the daily maximum and minimum temperature, respectively,
and Ty, is a prescribed base temperature. GDD is calculated for 01
June 2018 (t,) to 25 April 2019 where almost a full year of observed
data are available at all sites. Eelgrass photosynthesis increases rapidly
from 0 to 5°C, while a maximum in the ratio of photosynthesis to
respiration (P:R) occurs at 5°C (Biebl et al., 1971; Marsh et al., 1986).
Therefore, we elected to use 5°C as T}, in our calculations of GDD, as
done previously in Krumhansl et al. (2021).

We also calculated the frequency and duration of warm water
events that exceeded known physiological thermal thresholds for
eelgrass using both the model predictions and the observed data.
We used three different temperature thresholds (Ty,) of 20°C, 23°C,
and 27°C. The 23°C temperature is typically considered the
physiological threshold for temperate eelgrass above which
respiration begins to outpace photosynthesis, causing reduced or
even negative P:R ratios that result in reduced eelgrass growth and
survival (Lee et al., 2007). However, eelgrass is highly adaptable, and
plants in warm conditions likely have higher temperature
thresholds while plants in cooler conditions have lower ones. We
thus also used 20°C and 27°C as thresholds. Individual warm water
events were identified as those occurring above the temperature
thresholds for > 2 hr, with distinct events separated by > 3 days,
akin to the definition for marine heatwaves (Oliver et al., 2018;
Krumhansl et al., 2021).
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Finally, to estimate the daily temperature range, the difference
between the daily 90 and 10™ percentiles are calculated and
compared between the model predictions and observed data. The
probability density of the daily temperature ranges are also
calculated using kernel density estimation.

2.3.5 Nearshore heat balance
A simple heat budget is applied to the FVCOM model results to
estimate the relative contributions of different processes that can
contribute to the warming or cooling of the water in the immediate
region around 2 selected eelgrass sites with different physical
dynamics. Here the heat budget is applied following standard
approaches for the coastal regions (Dever and Lentz, 1994;
Lemagie et al, 2021, 2020). The heat budget in a generic form
may be expressed as
oT  Q 1

oz = 4
ot pCH H @

/ UV Tdee
-H

where T is the mean temperature in the box surrounding the site
extended to the shoreline (i.e., depth and laterally averaged water
temperature, Supplementary Figure S7), Q is the surface heat flux,
p=1024.6 kg m™ is the reference density of seawater, Cp = 4002.5 J
kg!" C!is its heat capacity, H is the depth, and u is the
horizontal velocity. The left-hand side of Equation 4 shows the
rate of temporal change in the heat content, or temperature
tendency, of the region (6T*"¢). The first term on the right-
hand side is the heat flux through the surface (STSHF), and the
second term estimates the advective heat flux (8 T4%). Finally, the
last term is the residual of the balance (&), which could be due to
processes such as mixings, eddies, or other complex three-
dimensional processes that were not captured by this simple

10.3389/fmars.2024.1374884

heat budget. To evaluate the contribution of each term on the
temperature change over the region, each term in Equation 4 is
expressed as an equivalent temperature change in units of °C hr™'.
The heat budget is also integrated over time to assess the variation
of each term for different seasons. When a triangular cell is treated
as dry, the water temperature (salinity) is calculated as a wet
triangular cell except the flux through the boundaries of this
triangle is zero. Freshwater inputs are quite small for all the
study sites and are not included in the model.

3 Results
3.1 Sea level

Figure 2 shows the amplitude and phase of sea level for selected
tidal constituents at Port 'Hebert and Taylor Head (selected as
representative shallow and deep sites, respectively, with the
remaining sites presented in Supplementary Figure S1). Of all the
principal tidal constituents, the M2 tide has the largest amplitude (>
0.55 m) across all the sites. Shallower sites [Port I’'Hebert
(Figure 2B), Port Joli (Supplementary Figure S1B), and Mason’s
Island (Supplementary Figure S1D)] are generally associated with
higher amplitude of harmonic constituents than the deeper sites
[Taylor Head (Figure 2D), Sacrifice Island (Supplementary Figure
S1J), and Sambro (Supplementary Figure S1L)]. While there are
differences between the modelled and observed phase for principal
tidal constituents (< 30°) (Figures 2E-H; Supplementary Figure
S1E-H, SIM-P), the errors in prediction of amplitude and phases of
the principal and harmonic tidal constituents are generally within
the error standard deviation associated with their calculations
(Figures 2; Supplementary Figure S1).
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A Port I'Hebert B Port I'Hebert c Taylor Head D Taylor Head
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Amplitude (top) and phase (bottom) of sea level for five select principal tidal constituents (M2, S2, K1, O1, and N2; panels A, E, C, G) and five
harmonic tidal components (M4, M6, M8, S4, and 2MKS5; panels B, F, D, H) from observed data (blue) and model results (red) for 2 select sites: Port
'Hebert, a shallow site (panels A, B, E, F) and Taylor Head, a deep site (panels C, D, G, H). Length of the error bars show the standard deviation
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3.2 Water temperature variations

Comparison of the bottom water temperature from the model
and observations (Figures 3, 4; Supplementary Figures S2-S5) shows
that the model can predict the time series of the observed data, as
well as the temperature variations at different frequencies, with
Willmott skill greater than 0.7 (Table 2). In comparisons of the low
frequency time series, the model consistently overestimates summer
water temperatures at Port 'Hebert [max 7.2°C for the observed
data (Figure 3A) and 1.7-2.5°C for the of low frequency data
(Figure 3B)] and Port Joli [max 4.4°C for the observed data
(Supplementary Figure S2A) and 0.5-3.1°C for the low frequency
data (Supplementary Figure S2B)], the two shallow sites. Note that
some discrepancies for the observed data at these sites are
influenced by temperature spikes associated with the sensors
being exposed briefly to air (as noted above). In contrast, the
model underestimated summer water temperature at the deeper
sites (Figures 4A, B; Supplementary Figures S3A, B, S4A, B, S5A, B)
with the maximum discrepancy of 6.6°C at Sacrifice Island
(Supplementary Figures S4A, B). The model predictions of time
series of the middle and high frequency temperature variations were
generally within 2°C of those observed (Figures 3C, D, 4C, Dj
Supplementary Figures S3C, D, $4C, D, S5C, D), with the maximum
discrepancies of 4.7°C at Sambro (Supplementary Figures S5C, D).

Across all sites, the bottom water temperature showed a
seasonal trend of increasing water temperature during the spring
with a maximum in August, and declining throughout the fall to a
winter minimum in February (Figures 3, 4; Supplementary Figures

10.3389/fmars.2024.1374884

§2-55). The largest seasonal ranges (> 32°C) were at Port 'Hebert
and Port Joli with an observed summer maximum of 28.81°C and
29.57°C, respectively, and a winter minimum of -3.97°C and -3.89°
C, respectively (Table 3), again being influenced by air exposure of
the recorders. The lowest seasonal range (22.14°C) was observed at
Sambro (Supplementary Figures S5A, B). Temperature changes
within the meteorological band at Port 'Hebert (Figure 3C) and
Port Joli (Supplementary Figure S2C) were similar and did not show
large inter-seasonal variations. The highest amplitude within the
meteorological band (peaks usually > 1°C; SD > 1.7°C) was also
calculated in these two sites relative to others, with minimum
amplitudes (generally< 2°C; SD< 1°C) in Mason’s Island
(Supplementary Figure S3C) and Sacrifice Island (Supplementary
Figure S4C). Large consistent drops (~6°C) in the meteorological
band at Sambro (Supplementary Figure S5C) could be attributed to
the high winds in fall.

As with the variations found in the meteorological band, the
highest amplitudes of the temperature variations within the high
frequency band were at Port 'Hebert (Figure 3D) and Port Joli
(Supplementary Figure S2D). Of the deeper sites, Mason’s Island
(Supplementary Figure S3D) and Sacrifice Island (Supplementary
Figure $4D) show the highest and lowest amplitudes of variations,
respectively. Inter-seasonal changes within the high frequency band
were evident in all the sites with the highest amplitudes during June to
September, which could be an indicator of increased heating and
cooling related to solar heating and tides during warmer periods, or due
to the establishment of localized horizontal temperature gradients. The
highest (8.0°C) and the lowest (2.3°C) values of the summer peaks in
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FIGURE 3

Port 'Hebert bottom water temperature time series (A), and time series of the bottom water temperature in low (> 60 days (seasonal band); (B),
middle (48 hr to 60 days (meteorological band); (C), and high [< 48 hr; (D)] frequencies from observation data (blue) and model results (red).
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FIGURE 4

Taylor Head bottom water temperature time series (A), and time series of the bottom water temperature in low (> 60 days (seasonal band); (B),
middle (48 hr to 60 days (meteorological band); (C), and high [< 48 hr; (D)] frequencies from observation data (blue) and model results (red).

the high frequency band were in Port Joli and Sacrifice Island,
respectively. The highest (1.05°C) and the lowest (0.36°C) SD in the
high frequency band from the model results were also obtained in Port
Joli and Sacrifice Island, respectively (Table 3). The ratios of the
standard deviation of the high frequency to meteorological band was
less than 1 in all the sites from both the model results and observations
(Table 3), which shows that the processes within the meteorological
band can dominate the temperature dynamics at these eelgrass sites.

TABLE 2 Average Willmott skill score for the bottom water temperature
prediction decomposed by frequency.

The model calculation of the summary statistics (time series
during 01/06/2018 to 31/05/2021) of the bottom water temperature
are within 2°C of the observed data in most sites (Table 3). The
warmest mean bottom water temperature was in Port 'Hebert and
Port Joli (11.62°C and 11.44°C, respectively) and the coldest mean
temperature was in Sambro and Taylor Head (7.37°C and 7.89°C,
respectively) from the model calculations. The highest maximum
temperature, the highest 95" percentile temperature, and the lowest
minimum temperatures calculated from both the model and
observed data were found at Port ’'Hebert and Port Joli. These
sites also have the highest standard deviation of the temperature,
which is an indicator of having the highest temperature variations

Site Time Low Middle High among all the sites.
series frequency frequency frequency
> (48 hr to (< 48 hr)
60 days) = 60 days) .
3.3 Spectral analysis
Port 0.98 0.99 0.92 0.81
I'Hebert
Spectral analysis of the bottom water temperature shows that
Port Joli | 0.99 0.99 093 0.79 .
the model can reproduce the dominant water temperature
Mason’s  0.98 0.98 0.89 072 variations found in each observed time series from the eelgrass
Island sites (Figure 5). Dominant frequencies are associated with the
Sacrifice | 0.96 0.96 0.83 0.77 meteorological band (>48 hr) followed by diurnal variations,
Island which also includes diurnal tides as well as temperature variation
Sambro 0.98 0.99 0.88 0.71 from solar heating, and finally semi-diurnal tides (~12 h). The
presence of these frequencies at all sites in the power spectra of
Taylor 0.98 0.99 091 0.77 o
Head bottom water temperature indicates the strong effect of these

Here scores of 1 and 0 indicate perfect agreement and complete disagreement, respectively,
between the model results and observations.
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processes on temperature dynamics. From the power spectra, the
influence of solar and tidal heating at the shallower sites (i.e., Port
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TABLE 3 Summary statistics of the bottom water temperature for the period 01/06/2018 to 31/05/2021 from model results and observation data
(bottom row for each site in italics) at each site including mean, maximum, and minimum temperatures, temperature variability (standard deviation
(SD)), and the 95" percentile temperature.

SD Temp SD Met. SD High Ratio SD Max Temp  Min Temp  95%

(°C) Band (°C) Freg. Band High (°C) (°C) percentile

(°C) Freq: Met. Temp

(°C)
Port 11.62 8.75 214 1.03 048 30.52 -4 24.96
I'Hebert 10.93 7.86 177 0.88 0.49 28.81 -3.97 22.99
Port Joli | 11.44 8.40 1.93 1.05 0.54 29.77 4 2437
11.18 7.79 177 1.07 0.60 2957 -3.89 23.36
Mason’s | 8.30 5.25 0.62 0.56 0.89 18.79 -1.81 15.50
Island 9.14 6.34 0.79 0.58 0.73 21.61 -1.68 18.48
Sacrifice | 8.01 476 0.60 0.36 0.60 18.20 -1.44 16.15
Island 9.28 5.87 0.90 0.41 0.46 21.96 -1.14 18.36
Sambro 7.37 405 1.02 043 0.42 18.90 0.03 15.06
6.84 5.85 1.70 0.32 0.21 20.89 -1.25 17.82
Taylor 7.89 5.63 1.09 041 038 20.70 -1.92 16.70
Head 8.10 6.21 1.33 0.54 0.40 2276 -1.71 18.83

I'Hebert (Figure 5A), Port Joli (Figure 5B), and Mason’s Island
(Figure 5C) with mean depth at high tide< 2 m; Table 1) was greater
than the other sites (i.e., Sacrifice Island (Figure 5D), Sambro
(Figure 5E), and Taylor Head (Figure 5F), mean depth at high
tide >3m; Table 1). Peaks at frequencies associated with overtides
(periods of 3-10 hr) were evident at most sites (we note the model
underestimation in most sites). The most significant overtides
occurred at Port I'Hebert, Port Joli, and Mason’s Island due to
the relatively strong bottom friction, while overtides were less

evident in the temperature spectrum of Sacrifice Island, and were

negligible in Taylor Head and Sambro, the deepest sites.

3.4 Eelgrass specific temperature metrics

3.4.1 Summary statistics for the growing season
To highlight the differences among sites for eelgrass growth,

summary statistics in the summer growing period were calculated.
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FIGURE 5
Power spectra of bottom water temperature from observed data (blue) and model results (red) at Port 'Hebert (A), Port Joli (B), Mason’s Island (C),
Sacrifice Island (D), Sambro (E), and Taylor Head (F). Dashed lines show the limits of the low, middle, and high frequency bands considered (see
panel F). The periods associated with the peaks in frequencies are shown in panel C.
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These metrics were averaged over summer periods (June 1-Sept 15)
between 01/06/2018 and 31/05/2021) (Table 4). From the model
calculations, the warmest temperatures were at Port ’'Hebert
and Port Joli (22.14°C and 21.57°C, respectively) and the coldest
temperatures at Sambro (9.19°C), while intermediate temperatures
were found at Mason’s Island, Sacrifice Island, and Taylor Head
(13.64°C, 12.43°C, and 12.70°C, respectively). Model calculations
and observed data also show the highest maximum temperature and
95" percentile temperature at Port I'Hebert and Port Joli, but the
lowest minimum temperature in Sambro and Taylor Head.
Generally, the model calculation of the summary statistics during
the summer growing period are within 2°C of the observed
data (Table 4).

3.4.2 Growing degree day

Figure 6 shows plots GDD during 01 June 2018 to 25 April 2019
at all sites (Table 1). The discrepancies between the GDD from the
model predictions and those from the observations are< 19% and
strongly influenced by the bias in the mean temperature between
model and observations in the bottom water time series (Figures 4A,
5A; Supplementary Figures S2A-S5A). The largest discrepancies were
observed for Mason’s Island and Sacrifice Island. Heat accumulation
varies across the sites, with heat accumulating earliest and fastest at
Port 'Hebert and Port Joli, at intermediate levels for Mason’s Island,
Sacrifice Island, and Taylor Head, and being latest and slowest at
Sambro. Maximum heat accumulation was highest at Port I'Hebert
and Port Joli, and lowest at Sambro. Heat accumulation was
associated with depth, with heat accumulation reaching highest
maximums and having highest rates of accumulation (i.e., initial
slope in GDD) at shallow sites (Port 'Hebert, Port Joli) as compared
to deeper sites. Accumulation of heat happened in the spring,
summer, and fall from both model and observed data with
negligible accumulation in winter, starting in December, when the
temperature dropped below the set threshold of 5°C used in the GDD
calculation (Equation 3) (Figure 6).

10.3389/fmars.2024.1374884

3.4.3 Warm water events

Warm water events, where the bottom water temperature is >
20°C, 23°C, or 27°C for > 2 hr and each event is separated by > 3
days, is calculated from 10/06/2018 to 31/05/2021 (Figure 7). This
period covers three summer seasons with the observed data
available from all sites except for summer 2019 in Sambro, where
the warm events are less likely due to the large depth (Krumhansl
etal, 2020; Wong and Dowd, 2021). From the observations and the
model results, the warm water events only occurred at Port Joli and
Port 'Hebert based on both the 23°C and 27°C criteria (Figures 7B,
C, E, F), while other sites also experience warm events based on 20°
C criteria (Figures 7A, D). Based on 23°C, an average of 15.3 events
year'1 in Port Joli (from observations and model), and 16.3 and 11.3
events year' from model and observations, respectively, in Port
I'Hebert (Figure 7B) were evident. These events occurred during
June to September (Figure 4A; Supplementary Figure S2A) with an
average duration of 12.7 and 6.78 hr per event from model and
observations, respectively, in Port Joli and 16.9 and 10.7 hr per
event from model and observations, respectively, in Port 'Hebert. It
is notable that the calculated numbers of warm events were highly
dependent on the definition of these events (e.g., duration, length,
and separation of events) due to high temporal variations of
temperature. That is, a small change in the definition could result
in quite different values, e.g. based on a 27°C threshold from the
model results, an average of 3 events year™' with an average duration
of 3.7 hr occurred in Port Joli, and an average of 5.3 events year '
with an average duration of 5.5 hr occurred in Port 'Hebert. The
duration and number of events based on 20°C criteria were much
higher than those based on 23°C and 27°C. Specifically, short
durations of warm events (< 3 hr) based on 20°C are observed in
the sites that are deeper than Port I'Hebert and Port Joli (the model
did not predict warm events in Mason’s Island, Sacrifice Island, and
Sambro). The discrepancies in the mean duration of events between
the model results and those from the observed data were generally
within the standard deviation of calculations (Figures 7D-F).

TABLE 4 Summary statistics of the bottom water temperature from model results and observation data (bottom row for each site in italics) during the
summer growing periods (time series of summer periods of June 1-Sept 15 between 01/06/2018 and 31/05/2021) at each site including mean,
maximum, and minimum temperatures, temperature variability [standard deviation (SD)], and the 95 percentile temperature.

SD Met. SD High Freq. Ratio SD High 95" percen-
Band (°C) Band (°C) Freq: Met. tile Temp

(°C)
Port 2214 3.09 1.76 1.29 0.73 30.53 10.84 26.64
PHebert  19.92 3.23 175 1.08 0.62 28.81 9.10 24.67
Port Joli 2157 3.07 1.83 1.29 0.70 29.77 10.66 25.95
20.15 3.24 1.78 1.30 0.72 2957 8.66 24.99
Mason’s  13.64 1.83 0.62 0.88 1.42 1859 8.07 1658
Island 16.09 2.62 0.95 0.79 0.93 21.61 7.75 19.65
Sacrifice | 1243 1.89 0.80 0.46 0.57 18.03 6.95 15.65
Island 15.29 2.98 1.28 0.58 045 21.96 6.50 19.46
Sambro 919 3.06 1.58 0.67 0.42 18.00 2.44 14.77
12.25 3.89 230 0.48 0.21 20.89 425 18.87
Taylor 12.70 329 1.59 0.68 043 20.17 3.11 1757
Head 14.64 3.08 1.92 0.83 043 2277 3.97 20.02
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FIGURE 6

Growing degree days at Port 'Hebert (A), Port Joli (B), Mason’s Island (C), Sacrifice Island (D), Sambro (E), and Taylor Head (F) from the model (red)
and observations (blue) for the growing season period 01/06/2018 to 25/04/2019.

3.4.4 Daily temperature variabilities

Figure 8 compares the daily bottom water temperature range
and its probability density estimate (via kernel density estimation)
for the eelgrass sites. Shallow sites in general experienced higher
daily temperature variations with lower peak probability and
greater spread than the deeper sites, e.g.,, maximum monthly
average of daily range in Port I'Hebert (Figure 8A) and Port Joli
(Figure 8C) was 5°C, compared to< 3°C in Sambro (Figure 8I) and
Taylor Head (Figure 8K). A daily temperature range of > 10°C also
occurred occasionally in Port 'Hebert and Port Joli. While the daily
variations show a seasonal trend across all sites, with increased
values during the warm seasons (June-September), shallower sites
can experience daily variations > 5°C during the winter seasons.
Daily temperature variations can be due to daily solar heating and
2020), as well
as occasional wind driven changes that can amplify water

cooling and tidal advection (Krumhansl et al,

temperature changes.

Frontiers in Marine Science

3.5 Heat balance

The heat balance during the three years from 2019 to 2021 was
calculated using model results at Port 'Hebert and Taylor Head
to illustrate the seasonal contribution of different factors to
temperature changes at these two sites that contrast in both depth
and exposure (daily-averaged values shown in Figure 9 and note the
scale difference in the y-axes between the two sites). While a
seasonal variability is evident in the change in the heat content at
both sites (8T4%; Figures 9A, C), with the maximum values during
the warm seasons (~June-September), & TA"8 values at Port I'Hebert
are greater than those at Taylor Head. Specifically, 5 T4 at Taylor
Head is negligible during colder seasons (~November-February)
'. These
observed variabilities in temperature change are consequence of the

with maximum daily-averaged values less than 0.03°C hr’

contributing factors to the overall heat content at each site
(Equation 4).
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Heat flux through the surface (8TSMF) shows a seasonal
variability with higher values during the warm seasons
(Figures 9A, C) at both sites. Higher 8T at Port I'Hebert
compared to Taylor Head (e.g., maximum summer daily-averaged
values of > 0.25°C hr! vs< 0.1°C hr'}, respectively) could be due to
the difference in the depth of the sites as the surface heat flux per
unit area at these two sites are comparable (Supplementary Figure
S6). Low values of ST in the winter at Taylor Head (maximum
daily-averaged values< 0.05°C hr') indicates negligible
contribution of surface heat flux in the cold seasons at this site.
The advective flux at both sites (§T4%) (Figures 9B, D) show also
seasonal variations with peak values during warm seasons.

Figure 10 shows the monthly mean of each term in the heat
budget at both sites computed from daily-averaged values for 3
years (2019-2021). The monthly temperature change (8TA*) was
small, for any year, at the sites. In all years, the mean temperature
change in the warmer months (<0.02°C hr') was 1-2 orders of
magnitude smaller than the contribution to the temperature change
from the mean surface heat flux (0.2°C hr ! and 0.05°C hr'}, at Port
I’Hebert and Taylor Head, respectively). Monthly mean
contribution from advective fluxes in the warm months appeared
to anti-correlate with the incoming surface heat flux showing that
these processes largely compensate for each other at the study sites.

Monthly mean magnitude of each term in the heat budget show
similar values during the 3 years of the calculation, which suggests
little interannual variability at both sites (Figure 10). The monthly
contribution of the residuals in the heat budget (Figures 9C, D) was
generally less than the leading term at both sites throughout the 3
years (Figure 10). The residuals could be due to factors not
represented well in the simple formulation used in this study
(e.g., eddies or other complex 3D processes; Equation 4).
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4 Discussion and conclusions

We investigated temperature dynamics in nearshore regions of
the Atlantic coast of Nova Scotia on time and space scales relevant for
coastal ecosystem processes. Time series of water temperature from
observations and FVCOM numerical model results for June 2018 to
May 2021 at six different eelgrass sites were used for validation and
characterization of temperature regime. We demonstrated that the
numerical model can generally predict well the key attributes of
temperature relevant to eelgrass ecosystems, and do so across large
spatial scales, in this case the whole Atlantic coast of Nova Scotia. We
therefore argue that validating models against observations using
biologically ‘fit for purpose’ temperature metrics is important to
ensure that relevant attributes are well predicted, such as thermal
exceedances, heat accumulation, heat wave events and daily
temperature variation. Moreover, a properly calibrated and
validated numerical model allows for detailed site-specific
characterization of the temperature regime, as was demonstrated
for the various study site. It can also help identify at-risk areas for
target ecosystems resulting from temperature stress, now and in the
future (Krumhansl et al., 2020; Wong and Dowd, 2021).

An overall good agreement between the numerical model
predictions and the observed temperature was found. The model
simulated time series of the water temperature had a Willmott skill
> 0.7, and we were able to assess this in a frequency dependent
manner, a feature which extends the Willmott skill score concept
(Equation 2). Summary statistics during the summer growing
period from the model were within 2°C of the recorded data in
most sites (Table 4). The discrepancies between growing degree day
from the model calculation and the observations (< 19%) were
consistent with the systematic differences in the time series of water
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Time series (A, C, E, G, I, K) and probability density estimate (PDE; B, D, F, H, J, L) of daily bottom water temperature range at Port 'Hebert (A, B),
Port Joli (C, D), Mason's Island (E, F), Sacrifice Island (G, H), Sambro (I, J), and Taylor Head (K, L) from observed data (light and dark blue showing
daily and monthly average, respectively) and model results (light and dark red: daily and monthly average, respectively).

temperature. While the number and duration of warm events highly
depended on the definition used (e.g., duration, length, and
separation of events) due to the high temporal variation of
temperature, the discrepancies in the mean duration of events
between the model results and those from the observed data were
generally within the error standard deviation of calculations.

The main discrepancies between the model and the observations
were in the summer temperatures at the shallow sites (Port 'Hebert
and Port Joli), which were consistently overestimated. It is important
to identify such biases and consider their implications when using
numerical models predictions to assess ecological implications of
various temperature processes (e.g., growing degree days is quite
sensitive to this discrepancy). Potential reasons are the following.
Firstly, model bathymetries in the tidal channels may be too shallow,
which would significantly limit exchange processes, in particular a
decrease in the inward advection of cold offshore water and
overestimated water temperature in the inner bay. Also, any local
smoothing of bathymetry would lower the resolution of channels
which ventilate the shallow intertidal flats and hence affect the
temperature dynamics there. Secondly, the horizontal resolution of
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the air forcing (e.g., air-sea heat fluxes) from ERA5 is 31 km, which is
relatively coarse compared to the model resolution used in this study.
Hence, some coastal bays (e.g., Port I'Hebert and Port Joli) are
represented as being on land in ERA5, which may cause artificially
high water temperatures in summer (note the coarse ERA5 resolution
can lead to underestimation of water temperature in deeper exposed
sites by not underrepresenting the land). Thirdly, the overestimated
water temperature in summer could also be caused by the uncertainty
in solar radiation attenuation properties in the bottom layer, where
the solar radiation not only heats the water, but also the bottom
sediment due to the shallow water depth. Since the amount of the
solar energy stored in the sediment is unknown, we considered all the
solar energy as being distributed through the water column. To
examine this process, we ran the model with different water column
attenuation coefficients for solar radiation and found that the model
performance can be improved by tuning them, however,
development of a realistic attenuation parameterization in the
bottom layer is beyond the scope of the present paper.

Previous studies have suggested that short-term, sub-seasonal
temperature processes (i.e., warming events, wind events,
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Daily averaged temporal change in the heat content (§T49; black), surface heat flux (5T°": red), advective flux (6T"%; blue), and heat budget
balance residual (¢; grey) at Port 'Hebert (A, B) and Taylor Head (C, D). Note the scale difference in the y-axes between the two sites

upwelling) can play an important role in eelgrass growth and
2013, 2020, 2021; Krumhansl et al.,
2021). However, it is important to note that the ecological

productivity (Wong et al,

function of seagrass beds is also influenced by the underwater
light environment and its variations (Enriquez et al., 2019), which
can act separately and together with temperature effects. The
characterization of the temperature regime for our study sites
indicated a similar seasonal variation in the bottom water
temperature, but variability on sub-seasonal scales was markedly
different across the sites. Higher water temperature in the high
frequency band (<48 hr; Table 3; Figures 4D, 5D; Supplementary
Figures S2D-S5D), larger dominance of solar heating and diurnal
tides relative to the semi-diurnal tides (Figure 2), and relatively
higher daily temperature range (Figures 8; Supplementary Figure
S6) indicate a greater impact of processes on time scales< 48 hr at
shallow sites (Port 'Hebert, Port Joli, Mason’s Island) compared to
the other sites. Temperature variations in the meteorological band
that were observed in all the sites (Figures 4C-5C; Supplementary
Figures S2C-S5C) can be due to local wind events as well as coast-
wide processes such as storms and wind-driven coastal upwellings.
A coastal upwelling index based on Ekman transport and upwelling
favorable winds (Petrie et al, 1987) has shown strong coherence
with the meteorological temperature band in eelgrass sites at the
eastern Scotian Shelf (Krumhansl et al., 2021), which can transfer
cool nutrient rich water to the surface and support eelgrass growth
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and photosynthesis during periods of nutrient limitation (Sandoval-
Gil et al., 2019).

Extended high temperature can have negative impacts on
eelgrass health. Physiological impacts on eelgrass occur within 1-7
days when temperatures are 19-28°C (Evans et al., 1986; Gao et al,,
2017), or as short as 15 min at > 30°C. Our results showed > 2 hr
warm water events occurred only at Port Joli and Port I'Hebert
based on 23°C (optimum temperature for photosynthesis; > 12
events year’l) and 27°C thresholds, while other sites experienced
these events based on a 20°C criteria. In shallow sites, these events
are likely due to long periods of solar heating over the extensive
shallow flats (Wong et al., 2013). Warm water events based on the
23°C threshold typically lasted > 10 hr. The high frequency of warm
events in the eelgrass sites in this study suggest that these eelgrass
frequently experienced physiologically unfavorable conditions.
Alternatively, anomalous warming can result in persistent
changes in eelgrass bed characteristics across multiple clonal
generations and years (DuBois et al., 2020). Previous studies show
that these events are typical on the Atlantic coast of Nova Scotia
(Wong et al., 2013; Wong, 2018; Krumhansl et al., 2021), and that
eelgrass can thermally adapt to varying temperature regimes,
similar to other seagrass species (Marin-Guirao et al., 2016).

The simple heat balance analysis contrasting a shallow protected
bay (Port 'Hebert) and a deeper exposed (Taylor Head) site showed
that while the maximum annual changes in the heat content at the
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(E, F). The length of the error bars show the standard deviation.

shallow site are greater than those at the deep site, the surface heat
flux is the main contributor to the temperature variations during
summer growing seasons at both sites (Figure 10). Monthly mean
contribution of the advective fluxes in both sites was negative and
buffering the surface heating in the warm months. Higher values of
surface heat flux (related to daily heating and cooling) and advective
flux (related to tidal exchanges), which are of the high frequency
temperature changes, during warm months can be an indicator of
higher amplitudes of temperature variations within the high
frequency during these periods. Monthly mean magnitude of the
contributing terms in the heat budget showed small interannual
variabilities at both sites. Heat budgets are an important way to
determine to what degree a study site is dominated by local processes
versus being driven by offshore ocean dynamics, with potential
implications for understanding ecosystem functioning. They are
readily computed from numerical model output, but difficult to
obtain directly from temperature observations.

In summary, the FVCOM model developed for this study was able
to reasonably predict water temperature variations and thermal metrics
relevant to eelgrass condition. The representation of nearshore
dynamics and its impact on coastal water temperature across large
spatial scales can only be achieved by using targeted calibrated and
validated high resolution numerical models. Furthermore, we argue
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that the validation process for these models should be targeted to the
ecosystem process of interest, using specific variables (e.g. temperature)
and biologically tailored metrics. In this way, we can improve our
general understanding of the interaction between the physical and
biological processes in the coastal environments, as well as by taking
into account other key physical drivers such as light. It is hoped that
results of this study, and the numerical model developed here, can
contribute towards the understanding, conservation and protection of
coastal ecosystems, and the maintenance of their functioning and
resilience in this era of climate change.
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