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Benthic habitats within fjords are predominantly insulated from the high energy physical dynamics of open
coastlines. As a result, fjords may have atypical mass and heat transfer rates at the seafloor. This study presents
aquatic eddy covariance (EC) measurements made continuously from late May 2013 through December 2013, in

gbserv.atory Saanich Inlet fjord, British Columbia, to assess areal-averaged benthic fluxes of dissolved oxygen and heat, and
oXx1a . . . . . .
Tt}llfbulence their relationships to bottom boundary layer dynamics and water properties. The measurements were achieved

by the connection of a system of underwater EC sensors to Ocean Network Canada’s Victoria Experimental
Network Under the Sea (VENUS) observatory that has a primary seafloor node located near the 100-m isobath in
Patricia Bay off the eastern shore of Saanich Inlet. Current velocities and turbulence (characterized by turbulent
kinetic energy and dissipation rate estimates) were observed to be generally low with the weakest dynamics in
autumn during periods of heightened hypoxia. EC fluxes that represented turbulent eddy transport in balance
with the seafloor source/sink were derived through conditional criteria that excluded measurements occurring
when the bottom boundary layer was not sufficiently turbulent or when transient shifts in bottom water prop-
erties were observed. The accepted fluxes of oxygen (—1.6 + 1.2 mmol m2 d’l) and heat (0.27 = 0.57 W m’z)
showed only modest variations within the observed 7-month period in Saanich Inlet. Broader implications of
these fluxes are that: 1) seafloor oxygen uptake rates are too limited to drive annual expansions and intensifi-
cation of the site’s overlying seasonal hypoxic zone, and 2) heat transferred to the seabed in summer is only
slowly dissipated back to the water column during other times of the year.

Saanich inlet

1. Introduction

In shallow-water to shelf-depth aquatic systems there can be sub-
stantial variability in fluxes of solutes and heat across the sediment-
water interface as benthic communities respond to changes in organic
carbon inputs, flow dynamics, light, and water mass characteristics such
as oxygen concentration and temperature on diurnal and seasonal time
scales. The benthos of semi-enclosed coastal basins such as fjords, bays
and lagoons are particularly prone to changes in terrestrial sediment
delivery, water column ventilation, and biological productivity (Syvitski
et al., 1987; Levin et al., 2009). These factors often shift seasonally and
in response to large-to-local scale, ocean conditions (Iriarte, 2018). As a
result, coastal basins are frequently sites that exhibit water column
hypoxia/anoxia; where hypoxia is typically characterized by dissolved
oxygen concentrations <62.5 pmol L7! (1.4 mL LY, severe hypoxia
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occurs at <22.3 pmol L1 (0.5 mL L™1), and anoxia when oxygen is fully
depleted (Levin et al., 2009). Coastal basins are also sensitive to climatic
events such as strong El Ninos (Jackson et al., 2018), and their sediments
preserve indicators of environmental changes in high-resolution records
(Tunnicliffe, 2000; Langton et al., 2008; Bertrand et al., 2012). Such
sediments are of further interest for having the highest area-normalized
annual rates of organic carbon burial globally (Smith et al., 2015).

In this study we focus on a seasonally hypoxic region of Saanich Inlet,
a well-studied temperate fjord (Sato et al., 2014), to consider how
deep-water renewal events, the intensity of turbulence, and properties of
the soft-bottom seabed dictate benthic oxygen consumption and heat
exchange at the margins of a coastal basin. Our assessments are derived
from an extended time-series of in situ eddy covariance (EC) measure-
ments made with synchronized velocity, oxygen and temperature sen-
sors on the Victoria Experimental Network Under the Sea (VENUS)
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seafloor cabled observatory array that operates within the Saanich Inlet,
as part of Ocean Networks Canada (ONC). Previous monitoring and
experiments within the environment surrounding the VENUS observa-
tory have traced the effects of low dissolved oxygen content and tur-
bulence on coastal ocean epibenthic faunal migrations and community
associations (Matabos et al., 2012, 2015; Chu and Tunnicliffe, 2015;
Gasbarro et al., 2019), and have evaluated redox-dependent biogeo-
chemical processes (Juniper and Brinkhurst, 1986) and the impacts of
groundfish activity on sediment resuspension and opal dissolution (Katz
et al., 2009). Here, new monitoring provides further insight into ex-
changes between the seafloor and the water column.

EC measurements have been made from benthic platforms and ob-
servatories to assess turbulent momentum and heat fluxes in a number of
bottom boundary layer studies (Shaw and Trowbridge, 2001; Walter
et al., 2014; Davis and Monismith, 2011). However, the method has not
been demonstrated for extended oxygen flux determinations (i.e., >7
days) due to limits of battery power, data storage or sensor lifetimes
(Attard et al., 2014; McGinnis et al., 2014; Long et al., 2015). The
benthic oxygen flux EC method was pioneered by Berg et al. (2003) and
has unique utility for documenting both temporal and spatial variations
in rates of benthic primary production and/or respiration (Berg et al.
2003, 2013; Attard et al., 2014, 2019; Rheuban et al., 2014; Glud et al.,
2016; Reimers et al., 2016). In practice, the EC method combines high
frequency measurements of flow velocity (made with an Acoustic
Doppler Velocimeter [ADV] in 3 dimensions) and scalar properties such
as oxygen concentrations, temperature or salinity (made with
fast-responding sensors) in a fixed sampling volume typically 5-30 cm
above the seabed (Berg et al., 2007; Crusius et al., 2008). Using these
measurements, fluxes may be resolved at sub-hourly time scales, and
they may be assessed in habitats with soft and hard substrates, over a
larger benthic footprint than other traditional benthic flux measurement
methods. However, one critical caveat of the method is that conditions
in the bottom boundary layer must be at least quasi steady-state and
moderately turbulent for EC flux derivations to equate to reliable sea-
floor source or sink estimates (Brand et al., 2008; Holtappels et al.,
2013). A unique accomplishment of this study is that measurements
necessary to derive both turbulence measures and oxygen and heat EC
fluxes were recovered over 222 days. This allowed a systematic and
discriminating screening of when conditions were favorable for benthic
flux determinations.

2. Materials and methods
2.1. Study site

Ocean Networks Canada has maintained the VENUS observatory
node on the east side of Saanich Inlet, outside Patricia Bay, at 100 m
depth, since 2006 (Dewey et al., 2007). Saanich Inlet is a semi-enclosed,
highly stratified fjord within the Salish Sea on the southern end of
Vancouver Island, British Columbia, with a maximum depth of about
240 m and a broad ~70-m sill. Rates of primary production have been
estimated as ~38-40 mol C m 2y ! in Saanich Inlet and appear
dependent on nutrient sources from the Strait of Georgia (Grundle et al.,
2009). Sediment accumulation rates in the deepest sections of the basin
range from 0.093 to 0.27 g cm ™2 y ! and are highest near the northern
sill of the basin (Matsumoto and Wong, 1977). The Patricia Bay node is
connected to a shore station by a 3-km long fiberoptic Ethernet marine
cable. Dissolved oxygen, temperature and salinity are measured nearly
continuously by observatory instruments, and these time series display
an annual pattern of moderate hypoxia in spring and summer, severe
hypoxia in much of the fall, and renewed oxygen levels in winter
(Matabos et al., 2012; Gasbarro et al., 2019). Associated with these
cycles are movements of epifauna that have been linked to localized
episodes of sediment resuspension and changes in the depth of diurnal
migrations of zooplankton (Yahel et al., 2008; Matabos et al., 2012). The
sediments are fine-grained with organic carbon and nitrogen contents

Estuarine, Coastal and Shelf Science 243 (2020) 106815

ranging from 1 to 3.5% and from 0.15 to 0.45%, respectively. During
severe hypoxic conditions, a surface mat of filamentous sulfur bacteria
will commonly form at the sediment-water interface (Yahel et al., 2008;
Matabos et al., 2012).

Estuarine circulation is weak throughout most of Saanich Inlet, but
intermittent advective exchange has been described as forced by the
effects of strong spring-tidal mixing outside the inlet on vertical density
gradients across the sill (Gargett et al., 2003; Hamme et al., 2015). In
addition, subtidal flow at mid-depths can reverse with the spring/neap
tidal cycle, and this oscillation may produce internal waves at the sill
with bursts of energy propagating into the main basin (Kunze et al.,
2006; Sato et al., 2014). Turbulent dissipation rates in the water column
at the study site have been typified as generally low, between ~10~° and
~1078 w kg_1 (m?s~3) based on shear probe microstructure profiles
(Rousseau et al., 2010) and Acoustic Doppler Current Profiler (ADCP)
and ADV measurements (Sato et al., 2014). Variations in turbulence
within the bottom boundary layer in different seasons had not been
assessed prior to this study.

2.2. Instrumentation

The central instrument utilized was a Nortek™, Vector, Acoustic
Doppler Velocimeter (SN 4868; henceforward referred to as the “Vec-
tor”) with fixed head, pressure sensor, and an end bell fitted with an
internal wiring harness and two connectors, one (8 pin) to accept power
from and send data to an external source/controller, and the other (5
pin) to sample analog signals from oxygen and temperature EC sensors
(described below). To interface the Vector with the VENUS observatory,
10 m of cabling was run from the 8-pin connector to a custom 24/12
VDC converter and noise filter connected to a secondary observatory
24V junction box called a Science Instrument Interface Module (SIIM),
using a wet-mateable Seacon XSL connector. The SIIM unit was mounted
on a frame (previously built to support a camera system) and connected
by a separate cable to the primary Saanich Inlet node at 100 m depth. An
aluminum “birdcage” frame painted with marine epoxy paint, 1.5 m
high x 1.0 wide, and open near the base so not to impede flow above the
seafloor, supported the Vector in a vertical, head-down orientation.

In deployment, the birdcage frame was attached to the VENUS
“camera frame” and both were lowered by wire to the seafloor and
released using an acoustic release. After deployment, a Remote Operated
Vehicle (ROV) connected the SIIM to the node and carried the birdcage
to a position (latitude 48° 39.05676'N, longitude 123° 29.24010'W) on
the seafloor ~6 m away from the camera frame (Fig. 1a&b). A CTD
(SeaBird 16plus, SN 7128) with SBE-43 oxygen sensor in a flow-through
cell with standard SeaBird anti-foulant cartridge was mounted on the
camera frame to collect environmental data for comparison to the EC
sensors. The inlet of the flow-through cell was 58 cm above the seafloor.

The oxygen and temperature sensors, utilized for EC, extended from
and collected measurements through separate “MicroSquid” sensor
electronics units developed by Rockland Scientific (Victoria BC). Each
MicroSquid received power from the Vector and returned high resolu-
tion analog signals from the sensors via a Y-split cable. The electronics in
these units are galvanically isolated using optical signal couplers, and
the Delrin housings (outer diameter = 5.7 cm, inner diameter = 4.2 cm,
24 cm long) have internal copper cladding and electric chokes to shield
against radio frequency noise emitted by the acoustic current meter.
Extra shielding connected to the analog ground also extends to the probe
holders. The output signals from the instruments are sampled at a rate of
1024 Hz and the full-range of input is 0-5.12V with a 16-bit analog to
digital converter. Sensor signals are deliberately over sampled to reduce
quantization noise.

The oxygen sensor used was a galvanic microelectrode (supplied by
AMT, Rostock, Germany) with linear analog output (0-5 VDC), 12 VDC
input, a removable titanium guard, and manufacturer reported 90%
response times and lifetimes of 0.2 s and 9-18 months, respectively. In
Fig. 1c, the tip of an AMT microelectrode is shown without guard to the
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Fig. 1. Images of (a) the VENUS camera frame supporting the EC instrumentation during deployment, (b) the EC “birdcage” on the seafloor apart from the camera
frame in the turbid waters of Saanich Inlet, (c) thermistor and galvanic microelectrode tips in an initial configuration without the protective guard for the oxygen
sensor (inset), (d) positioning of the MS-T and MS-DO sensors relative to the Vector sampling volume before the May 23, 2013 re-deployment.

right of the tip of the temperature sensor. (The design of the guard is
illustrated in the inset image of Fig. 1c.) The temperature sensor was a
micro-thermistor (FP07) supplied by Rockland Scientific with signal-
plus-signal derivative analog output and a manufacturer reported time
constant of 0.007 s. Fig. 1c shows an initial configuration tried with the
sensor tips pointing at 45° angles from horizontal and positioned adja-
cent to the Vector sampling volume. The sensors were deployed within
Saanich Inlet in this configuration on May 7, 2013, but the unguarded
AMT microelectrode was broken within hours. This loss necessitated an
ROV-assisted recovery and redeployment of the “birdcage” frame to the
same seafloor position on May 23, 2013. For this second deployment the
AMT sensor guard was placed over a new sensor and oriented with an
enlarged set of flow-through holes top to bottom to maximize detection
of signals associated with vertical velocity variations. The angles from
horizontal of the sensors and their backing MicroSquid units were also
lowered to ~10° and set 120° opposing (+60° from the +X-coordinate),
with sensor tips pulled back ~1-2 cm from the Vector’s sampling vol-
ume (as shown in Fig. 1d). This change was made to assure no physical
interference of the sensors with the acoustic backscatter return beams of
the Vector (see Berg et al. 2016 for further discussion of these in-
terferences). From henceforth we will refer to the MicroSquid supported
sensors as the “MS-DO” and “MS-T” components of the EC system.

Once deployed, Vector settings were controlled through the obser-
vatory using an interface layer, developed by ONC, called a driver. These
drivers are developed for each instrument. They pull configuration in-
formation out of a database, format commands into instrument specific
protocols, establish communications with the instrument, send and
receive commands, start the sampling, and then log the time-stamped
data in a HEX file, so that all information to and from the instrument
is captured and stored. The log files cannot be queried in real time. These
log files are closed off at the end of each day, midnight UTC, and can be
queried after they are stored in the archive. The Vector settings utilized
are listed in Table 1. Time-series data were collected in 30-min bursts at
32 Hz. The velocimeter’s sampling volume was ~16 cm above the
seabed, as confirmed by return echoes in probe check files.

2.3. Data processing

The daily data files transferred from the Vector were imported into

Table 1

The settings of the Vector used in this study.
Setup Selection
Sampling rate 32 Hz
Nominal velocity range 0.1ms!
Burst interval 1800 s
Samples per burst 56640
Sampling volume 14.9 mm
Transmit length 4.0 mm
Receive length 0.01 m
Analog inputs 1 and 2 FAST
Power output ENABLED
Powerlevel HIGH
Coordinate system XYZ

MATLAB routines that were used to parse measurements and instrument
information into structure arrays reporting configuration, metadata,
units, and data fields. These files were typically 120 MB in size and
included all system and probe check data routinely produced by Nortek
Vector instrument software. Further processing started with these indi-
vidual files and included MATLAB code functions that converted raw
MS-T and MS-DO readings to outputs in units of °C and pmol L™ (at in
situ conditions). The thermistor calibration coefficients were provided
by Rockland Scientific, but the oxygen sensor’s output was calculated
from a calibration configuration file based on (1) pre-deployment
readings in deoxygenated and air-saturated water (to give a linear
voltage to partial pressure calibration function) and (2) solubility
changes in situ as a function of salinity, pressure and MS-T temperature.
Time-series of temperature, dissolved oxygen and velocities in XYZ co-
ordinates (denoted henceforth as u, v, w) were also routinely filtered to
remove spikes (extreme data outliers) using a phase-space method
adapted from Goring and Nikora (2002) whereby spikes are replaced
with points based on a spline fit to adjacent data. These “cleaned” time
series, together with coincident pressure measurements and burst
number identifiers, were then saved in arrays that were reduced from 32
to 8 Hz by computing sequential four-point averages. All of these
methods are common practice in the early stages of EC data processing
(Lorrai et al., 2010; Reimers et al., 2012). Later stages included assess-
ments of the impacts of alternate detrending methods and velocity co-
ordinate system rotation methods on EC fluxes, and on derivations of
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power density spectra, turbulent kinetic energy (TKE), and turbulence
dissipation (g).

The final approach chosen to separate fluctuating components from a
time-dependent mean was to detrend all data with a 0.005 Hz high-pass
frequency filter (i.e., trends of frequencies less than 0.005 subtracted
when computing variances, see Reimers et al., 2012), without any co-
ordinate rotation. Fig. 2 illustrates typical signal variability and variance
preserving spectra produced with this approach. Justification for these
choices stems from: (1) a desire to attenuate flux contributions due to
low frequency advective oscillations within the temperature and oxygen
time series, (2) the recorded pitch and roll angles of the Vector were
constant at —3.0° and —13.8°, respectively, reflecting the slope of the
seafloor, and (3) an observation that two-angle and planar fit rotation
approaches (described for example in Lorke et al., 2013) can misrepre-
sent the local streamline under weak flows, and in this study often
produced greater variance in vertical velocities by burst and unrealistic
angle adjustments for the Z coordinate. For each 30-min 8-Hz data burst,
using the same procedures for separating fluctuations as for EC fluxes,
TKE was assessed as TKE = %(ﬁ + VvV + ww). Dissipation was
estimated from a one-dimensional spectral equation of vertical velocity
fluctuations (Shaw et al., 2001):
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Fig. 2. Variances in EC sensor measurements portrayed as (a) a 200-s time-series, and (b—e) variance preserving spectra. These measurements were recorded May

28, 2013.



C.E. Reimers et al.

3. Results
3.1. Sensor measurements and flow characterizations

The Vector, MS-T, and MS-DO were operated as an integrated EC
system for 284 days, through the VENUS Observatory, at a position ~6
m away and downslope from the independent camera frame-mounted
CTD and SBE-43 oxygen sensor. Fig. 3a-d illustrates environmental
conditions recorded by the CTD sensors over the complete duration of
the deployment together with near-seabed flow speeds derived from the
Vector. Fig. 3e focuses in on two periods of decreasing dissolved oxygen
for later discussion of factors affecting rates of oxygen decline in the
bottom boundary layer. To demonstrate the quality of the MS sensor
measurements and additional environmental information captured by
the Vector, Figs. 4-6 compare 8-Hz EC sensor records to measurements
from the CTD (panels b and c), and display derived flow and turbulence
parameters (panels d and e) and EC fluxes (panel f) for each 30-min burst
from three differing 3-day records. These were collected: (1) during
spring intermittently hypoxic conditions and during a spring tide, soon
after deployment, May 27-29, 2013 (Fig. 4), (2) during fall under con-
stant hypoxia and a neap tide, October 1-3, 2013 (Fig. 5), and (3) during
early winter conditions coincident with initial stages of bottom water
renewal and a spring tide, December 29-31, 2013 (Fig. 6). Fig. 6 also
shows the last three days with complete MS-DO measurements before
the galvanic oxygen microelectrode was broken on January 1, 2014,
probably by a fish strike. Thus, the length of the record that included all
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sensors was limited to 222 days.

The MS-T and MS-DO time-series as displayed in Figs. 4-6 suggest
consistent and sustained sensor responses to multi-frequency tempera-
ture and dissolved oxygen variations as well as offsets in running means
from the CTD sensors that either reflect the spatial separation of sensors
or small calibration errors. Specifically, the EC sensors were closer to the
seafloor and deeper in the water-column (recorded pressures were
higher by ~ 1.6 dbar) than those on the CTD, and the EC sensors usually
reported lower concentrations of dissolved oxygen and slightly higher
temperatures (Figs. 4-6, panels b and c). The thermocline structure of
Saanich Inlet is unique and follows a seasonal progression whereby in
winter and spring, deep waters are warmer than the surface, but this
pattern weakens and reverses in summer and fall (Anderson and Devol,
1973; Timothy and Soon, 2001). Consequently, correlations between
temperature and dissolved oxygen are negative in the time series from
May and December (Figs. 4 and 6) but intermittently positive in October
when the ranges of variations were also small (Fig. 5) (Supplemental
Fig. 1). Abrupt transitions with signatures of seiching and internal wave
displacements, seen for example in Fig. 4 at hour 24, or Fig. 6 at hour 35,
illustrate these T-DO relationships most clearly. Artificial oxygen vari-
ations caused by velocity effects (Holtappels et al., 2015) were not
evident in DO-velocity component relationships (Supplemental
Fig. 2a&b), nor did the sensitivity of any of the sensors appear to change
over time, which may have been benefits of the generally narrow range
of flow speeds and little biofouling under hypoxia. In the 3-day example
records, the May record displays the highest and most variable
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figure legend, the reader is referred to the Web version of this article.)

velocities, and the October record displays the most quiescent and stable
bottom boundary layer conditions. In analyses by burst, TKE assess-
ments follow trends in flow speed and std-w, but dissipation rates of
turbulence, €, vary over 3 orders of magnitude with the highest values in
the May record (Fig. 4e).

To further characterize the incidence of energetic flows at the study

site, we grouped the 1-min averages of current speed ¢ displayed in Fig. 3
by month and then computed monthly distributions by percent occur-
rence in the fully observed months of June through February (Table 2).
A threshold of initial interest was mean flow speeds greater than 2 cm
s~!, which was surmised by Brand et al. (2008) in a study of Lake Alp-
nach in central Switzerland, as necessary to produce sufficient
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turbulence to overcome viscous forces and transport oxygen through a
stratified benthic boundary layer. In the Lake Alpnach study, the 2 cm
s~! velocity threshold also corresponded to a Reynolds Number (Re)
~1700 (where Re = Lc/; L is the characteristic length scale = 2peqs, and
v is the kinematic viscosity). This critical Re value would have been met
instead by a mean current ~1.5 cm s~ in Saanich Inlet given that Zmeqs
= 16 cm. Even this lower velocity threshold was rarely observed at the
study site (Table 2). However, current speeds computed for each 30-min
burst within the time series in Figs. 4-6 (panels d) do show that sub

tidally modulated peaks in flow were common in daily records.
Furthermore, the magnitude of the standard deviation of the vertical
velocity (std-w) follows the magnitude of current speed. Brand et al.
(2008) had observed that std-w needed to be at least 0.1 cm s~ ! to detect
significant eddy fluxes in Lake Alpnach. Berg et al. (2009) suggests
instead that the EC technique can give valid benthic flux estimates when
std-w values are as small as 0.078 cm s~! as long as mean currents > 1
cm s L. The Berg et al. (2009) study considered EC measurements made
10 cm above the seafloor at a 1450 m-deep site in Sagami Bay, Japan;
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Fig. 6. EC sensor data from December 29-31, 2013 UTC. Panels a—f report the same parameters as in Figs. 4 and 5. Within this 3-day series there were 5 bursts

accepted for EC flux derivations.
thus, suggesting a corresponding Re threshold ~ 600.

3.2. Benthic flux derivations

Transient water mass displacements created by processes such as
seiching and internal waves in a benthic environment will result in EC
fluxes that do not reflect seafloor exchange rates. This has been
demonstrated through models and by cases studies to be because the
seafloor source/sink term is not in a steady state balance with the

vertical transport of properties by turbulent eddies (Holtappels et al.,
2013; Lorke et al., 2013). EC fluxes may also underestimate benthic
exchange rates when turbulence is too weak to mix scalar properties
fully between the boundaries of the bottom boundary layer (Brand et al.,
2008).

Faced with a benthic environment with periods of weak turbulence
and variable water mass displacements, the solution developed here was
to apply criteria to eliminate bursts occurring when the bottom
boundary layer was not adequately turbulent or when transient shifts in
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Table 2
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Flow speeds observed 16 cm above the bed throughout the deployment. Distributions of % occurrence are based on monthly compilations of 1-min averages of Vector

data collected at 32 Hz.

Month 0-0.5 cm s (%) >0.5-1.0 cm s+ (%) >1.0-1.5 cm s ! (%) >1.5-2 cm s (%) >2cm s~ (%) Mean + sd (cm s™1)
Jun 2013 45.5 43.6 8.6 1.7 0.6 0.61 £ 0.34
Jul 2013 51.6 43.6 4.5 0.3 0.02 0.54 + 0.24
Aug 2013 67.7 30.0 2.0 0.2 0.04 0.45 + 0.22
Sep 2013 50.0 41.5 7.1 1.1 0.3 0.57 + 0.30
Oct 2013 78.5 19.8 1.6 0.1 0.02 0.40 + 0.20
Nov 2013 81.3 17.8 0.8 0.1 <0.01 0.38 + 0.17
Dec 2013 47.3 43.3 7.4 1.5 0.4 0.59 + 0.32
Jan 2014 32.0 55.75 10.3 1.4 0.5 0.67 £ 0.31
Feb 2014 19.5 46.5 19.8 6.8 7.4 0.98 + 0.66

bottom water properties were observed. Up to the day the MS-DO sensor
failed, acceptable bursts were required to display mean values of TKE
>0.06 cm? 572, and std-w > 0.07 cm s~ (thereby giving slightly more
leeway for low turbulence than recommended in earlier studies).
Furthermore, interquartile range values of T and C were derived for each
burst, and it was required that igrT < 0.025 °C, igrC < 4 pmol L ! to
screen out bursts with temperature and DO values exhibiting wide sta-
tistical dispersion due to transient shifts in bottom water properties.
These values had to be tuned to retain what appeared as the turbulence-
driven variances in the data and may not be optimal for other envi-
ronments with different dynamics or greater fluxes. Thresholds for flow
speed and & were not specifically imposed because these parameters
correlated with the parameters chosen (see for examples Figs. 4-6) and
did not provide unique screening. Two final conditions were to exclude
bursts when w’C* > 0 (unrealistic if conditions were at steady-state) or
the mean flow direction came from directly behind either the MS-T or
MS-DO sensors (£50-70° relative to + X). Table 3 summarizes all six
screening criteria. The fluxes associated with acceptable bursts (n =
670) were separated by day, and averages of these fluxes compared to
daily averages of all bursts (Fig. 7). As anticipated this comparison
demonstrates the accepted bursts often yielded fluxes higher in magni-
tude than those assessed without turbulent transport criteria.

Lastly, temporal trends in heat and oxygen fluxes were prepared
from weighted averages representing 5-day windows, and these are
displayed with trends in bottom water properties and turbulence in
Fig. 8. The percentage of the record accepted for deriving realistic sea-
floor exchange rates in each 5-day window ranged from 0.4 to 17%
(Fig. 8c). No single screening criteria uniquely disqualified all bursts, but
the TKE and std-w thresholds were restrictive most often due to low
turbulence levels (illustrated with the 5-pt moving average of daily
means in TKE in Fig. 8b). The benthic oxygen uptake rate average (+1
standard deviation) based on the 5-day averages in Fig. 8a was —1.6 +
1.2 mmol m~2d! (range —0.06 to —6.21). The heat flux averaged 0.27
+0.57 Wm™2 (range —0.94 to +2.67).

Table 3
Criteria applied to distinguish bursts of EC measurements acceptable for deri-
vations of benthic exchange rates.

Criterion Basis

Standard deviation w > 0.07
em st

TKE >0.06 cm? 52

Interquartile range C < 4

Adequate turbulence

Adequate turbulence
Minimal advection; steady state bottom boundary

pmol L7! layer conditions

Interquartile range T < 0.025  Minimal advection; steady state bottom boundary
°C layer conditions

wC >0 Oxygen flux realism under steady state conditions in

an environment at 100 m water depth
No flow interference stemming from flow from
behind MS-DO or MS-T sensors

Flow direction not (+50-70°
relative to + X)

4. Discussion

At the VENUS observatory site, low turbulence and extended periods
of hypoxia with little change in temperature were observed to contribute
to low overall rates of sediment oxygen uptake and heat exchange
derived by EC after applying criteria for the acceptance of fluxes as in
balance with a seafloor sink or source. Presumably, these exchange rates
were constrained largely by diffusion and conduction (1) across a
changeable, mm-scale, diffusive/conductive boundary layer and (2)
within the surface sediments, where in the case of oxygen the oxidation
of anaerobic by-products and/or aerobic respiration are responsible for
the oxygen demand (Jgrgensen and Boudreau, 2001). In other similar
settings, in situ microprofiling and flux chamber techniques have been
executed to characterize rates and controls of oxygen uptake and have
shown that there is extensive small-scale variability in oxygen micro-
profiles and a sensitivity of diffusive fluxes to dynamic forcing (Glud
et al., 2009; Bryant et al., 2010). There have been no in situ measure-
ments by these alternative methods at the observatory site, but one
study, in which cores (collected in February 2006) were incubated ex
situ, showed that in an “undisturbed state” the oxygen uptake rate
averaged ~ —0.45 mmol m~2d ! (vahel et al., 2008). However, this
same study reported uptake rates increased abruptly to ~ —1.6 mmol
m~2 d~! when resuspension mimicking flatfish activity impacted the
deposits. Another study based on core samples taken in July 2011 and
September 2013 reports oxygen uptake rates of —13.7 + 9.3 mmol m 2
d~! (n = 7) and oxygen penetration depths into the sediments of 3.7-4.7
mm (Belley et al., 2016). We caution that the cores in the latter study
were not at steady state due to deliberate aeration of the overlying water
at the onset of ex situ incubations. Nonetheless, oxygen uptake rates of
similar magnitude may occur during annual periods of peak oxygenation
of the lower water column (usually during March and April), i.e. during
months when we were unable to collect MS-DO measurements.

For a final comparison to the derived fluxes, we use a predictive
relationship DOU = 2®DSLCW established for marine sediments that relates
diffusive oxygen utilization rates (DOU) to the O penetration depth (L),
the sediment porosity (@), molecular diffusion coefficient of O; in the
surface sediment layer (D;), and bottom water concentration (C,,) (Cai
and Sayles, 1996). By this relationship, if @ = 0.9 and L = 4 mm, DOU
would scale with Cy,. For a check on the EC fluxes, the relationship
predicts DOU would equal —1.8 mmol m~2 d ™! at a bottom water con-
centration of 50 pmol L™! (i.e., at a concentration typical in June and
July at the VENUS site).

During the severely hypoxic periods within October and November,
oxygen fluxes were for weeks <0.5 mmol m~2 d~1, and the % of the
record meeting our EC acceptance criteria was very low due to nearly
uninterrupted low levels of turbulence (Fig. 8). We accept that the EC
method was at its limit during this time window and not well suited for
determining fluxes. However, even with this qualification, it is signifi-
cant that there is consistency in flux measurements throughout most of
the record and that greater oxygen and heat fluxes are observed at the
winter transition when bottom water oxygen concentrations and tur-
bulence started to increase, and temperature was beginning to decline.
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representing benthic exchange rates.

The heat fluxes were generally out of the seabed, bidirectional in
summer months, but followed changes in bottom water temperatures.
Colder bottom waters trigger heat to be released from sediments that are
warmed during summer and that have an underlying geothermal
gradient (Stranne and O-Regan, 2015). Assuming a typical thermal
conductivity for a high porosity sediment of 0.9 W m™! K1 (Goto and
Matsubayashi, 2009), a temperature increase of 0.33 °C across the up-
permost 10 cm of sediment could sustain the observed average heat flux.
A heat-flux transect across the Cascadia subduction forearc including the
continental shelf and Vancouver Island, constrained by borehole mea-
surements and inferences made from the depth to the bottom-simulating
reflector (BSR), indicates the marine heat flow expected from the
geothermal gradient in this region is approximately 0.04 W m™2
(Hyndman and Wang, 1993). Within Saanich Inlet, bottom water
warming from July through October may oppose geothermal heat

10

conduction explaining the oscillating heat exchange in summer. Few
studies have considered the dynamics of sediment-water heat fluxes
except in lakes and shallow marine lagoons where sediment heat
transfer can be highly variable and influenced by groundwater discharge
(Fang and Stefan, 1996; Smith, 2002; Crusius et al., 2008). A compelling
attribute of the EC flux method for any environment is its reflection of
wider seafloor footprints than can be characterized by core or benthic
chamber incubations, or gradient-based measurements (Berg et al.,
2007). Thus, the EC approach has advantages of integrating the spatial
variability of the seafloor into fluxes measured over time under
changeable conditions. Here observatory-based EC is also shown to be
operationally sustainable over more than half a year.

The observed flux record (Fig. 8a) and coupled velocity measure-
ments (Table 2) add new information to ongoing studies of cycles of
hypoxia, benthic ecology and turbulence at the VENUS observatory site
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in Patricia Bay and in fjords more broadly. Rates of dissolved oxygen
depletion in the bottom boundary layer on the order of 1-2 pmol L1 d~?
(Fig. 3e) are supportable by benthic fluxes of ~ -1 to —2 mmol m~2d~?
only to a height above the seafloor of ~1 m (assuming no other ex-
changes). This scaling suggests for hypoxic conditions to extend tens of
meters into the water column as is the norm in Patricia Bay in summer
and fall (Gasbarro et al., 2019), respiration associated with suspended
fine particles or dissolved organic matter in the water column must be
very active, or more likely that much of the oxygen decline is a result of
deeper low-oxygen water being pushed upward and mixed laterally to
meet the basin’s sloped sides after intermittent renewal events forced by
far afield mixing at the channel entrance (Hamme et al., 2015).

Limited benthic oxygen exchange favors anaerobic metabolism in
underlying sediments and organic carbon accumulation, making fjords
such as Saanich Inlet high spots for organic carbon burial even at their
margins (Canfield, 1989; Smith et al., 2015). The rates of seabed oxygen
consumption derived here are lower than integrated rates of sulfate
reduction in Saanich Inlet sediment cores (12-38 mmol m—2 d’l; Ree-
burgh, 1983) indicating that carbon oxidation in sediments is dominated
by sulfate reduction processes throughout the basin, and that in the
hypoxic zones, seabed oxygen consumption is primarily a result of the
oxidation of sulfide and other reduced metabolites. The mats of sulfur
oxidizing bacteria that develop in October and November following the
settling of spring and summer phytoplankton blooms are consistent with
the importance of sulfide oxidation and may fix additional carbon
through chemoautotrophy (Juniper and Brinkhurst, 1986; Matabos
et al., 2012). October and November are also characterized by low
abundances of mobile epifauna, minimal velocities, low turbulence,
severe hypoxia, and reduced benthic oxygen fluxes - all interrelated. It
has been shown that as ventilation of the bottom boundary layer occurs
more frequently between December and January, the shrimp Spi-
rontocatis sica and the flatfish Lyopsetta exilis return to the seabed in
relatively high densities (Matabos et al., 2012) which is coincident with
the higher oxygen utilization observed in late December (Fig. 8a). Part
of this increase is likely caused by bioturbation and resuspension of the
sediment (Yahel et al., 2008; Glud et al., 2016). As the winter progresses,
it would be interesting in future work to evaluate to what the extent
oxygen fluxes increase further and how carbon turnover is altered. It
would also be insightful to quantify the effects of stronger local flows
and higher mean turbulence levels on benthic fluxes.

5. Conclusions

This research presented several unique challenges. The first was the
choice of an EC oxygen sensor that was fast-responding, long-lasting in
the marine environment, and readily calibrated. The MS-DO served this
purpose well when deployed with a slotted guard cap over its galvanic
microelectrode. This sensor returned reliable results without any reca-
libration for 222 days before failure, and when it was recovered, it was
evident that it had been physically broken, probably by a fish impact. If
the guard affected the sensor response-time or flow patterns around the
sensor tip, the smallest flux-contributing eddies may have been missed
(Fig. 2). One other study that used these sensors for EC measurements
under sea ice indicates that the MS-T and MS-DO sensors are able to
resolve temperature and oxygen signals carried by eddies ranging up to
10 Hz and 2 Hz, respectively (Else et al., 2015). Other new sensors are
being introduced that promise to do the same or better such as the
fast-responding dual oxygen-temperature Rinko EC optode (JFE
Advantech, Japan) (Berg et al., 2016). This sensor has a 6-mm tip
diameter and bulky body, which like the MicroSquid sensors may affect
flow when positioned upstream of the prevailing current; but it does
offer robustness. Future research needs to be undertaken to look at the
flow disturbance effects of these bulky sensors more closely, and perhaps
to change aspects of their design and/or how the sensors are connected
to their electronics. Measures to prevent biofouling should also be
introduced especially when conducting experiments in warm photic
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waters.

The second challenge was how to best treat the EC results once it
became evident that turbulence was generally low and transient con-
ditions common. Other aquatic EC studies have reported eliminating
some segments of EC time series because of issues such as sensor
response irregularities, low flow speeds, flow through instrument
frames, or transient conditions (Berg et al., 2009, 2013; McCann--
Grosvenor et al., 2014; McGinnis et al., 2014), but this is the first to use
multiple parameters systematically within data processing scripts to
identify segments suitable to accept as benthic fluxes. In part this was
necessary because of the volumes of data recovered. The number of
acceptable bursts was low (overall only 6.3% of the record), but the
fluxes derived for acceptable bursts are credible and indicate predictable
seasonal patterns (Fig. 8).

The establishment of a global network of ocean observatories is
underway with the fundamental goal of understanding the complex
interplay of physical, biological, chemical and geological processes
operating within the marine environment (Favali and Beranzoli, 2006).
Aquatic eddy covariance is a technique that has emerged and matured
within the past two decades and is now ready to be implemented more
broadly and/or in combination with other approaches to near-bottom
flux measurements such as those based on combined rates of turbulent
kinetic energy and tracer variance dissipation derived from similar field
observations (Bluteau et al., 2018), or based on sampling chemical and
velocity gradients in the bottom boundary layer (Holtappels et al.,
2011). The fundamental requirements of the EC technique, when it is
applied in the bottom boundary layer to evaluate benthic fluxes, are that
mean current velocities and mean scalar properties of interest are steady
over the interval of time used for a flux assessment and that turbulence is
active enough to dominate transport (Lorke et al., 2013). In many
coastal environments these conditions are met much more often, and
oxygen uptake rates are tens of times higher than observed in Saanich
Inlet (Glud, 2008). This points to the uniqueness of the fjord environ-
ment, and it teaches us that these coastal basins may best be charac-
terized as regional sediment traps that promote the burial of marine and
terrestrial sources of organic matter by restricting oxygen exposure,
limiting oxygen demand, and preventing the export of organic matter to
outer shelf and slope habitats.
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