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ABSTRACT  

To determine the role of groundfish activity in sediment transport processes, we studied 

an intermittently anoxic fjord (Saanich Inlet, BC, Canada) where fish vertical distribution is 

limited by oxygen availability. For this purpose we used transmissometer casts and sediment 

trap data from both the anoxic basin and the oxic margins of Saanich Inlet and other BC 

fjords. Within the oxic zone, groundfish activity resuspends large quantities of bottom 

sediments which create a particle rich layer above the seafloor (benthic nepheloid layer). The 

resuspended particles are advected offshore by the weak bottom currents, form a mid-water 

nepheloid layer and subsequently settle at the deep basin. The observed turbidity patterns in 

the inlet were successfully reproduced by a sediment transport model in which sediments are 

resuspended along the slope and down to the base of the fish distribution zone. This 

resuspension by fish facilitates the transport of large quantities of sediment from the slope. 

As a consequence, the sediment accumulation rate at the margins, determined by 210Pb dating, 

is at least 30% smaller than would be expected whereas that in the deep basin is twice as 

high. We conclude that biological resuspension by mobile fauna, e.g. groundfish, may be an 

important yet overlooked process by which particles and organic matter are transported from 

the continental margins to the deep sea.  
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Introduction 

The lateral transport of marine sediments in the ocean is a key process in both the 

formation of nepheloid layers (particle rich layers in the water) and relocation of particulate 

matter from slopes to basins (focusing). Both these processes require the initial resuspension 

of the sediment from the seafloor (with the exception of slumping) and are subsequently 

controlled by advection, turbulence, and gravity. The dispersion of particulate matter in ocean 

waters is an important factor affecting bacterial activity and mineralization of organic matter 

(Boetius et al. 2000), the function of planktonic and benthic suspension feeders (Kirk 1991; 

Kirk and Gilbert 1990) as well as chemical scavenging and sorption / desorption processes 

(Bacon and Rutgers Van Der Loeff 1989; Moore et al. 1996).  

Nepheloid layers are sections of the water column where the amount of suspended 

sediment is high. These layers cover vast areas of the ocean floor and in many cases are also 

found at mid-water depths, particularly over the continental margins (Mccave 1986). 

Nepheloid layers are characterized by enhanced bacterial activity and organic matter 

remineralization (Boetius et al. 2000). In fully oxygenated basins the benthic nepheloid layer 

is typically well developed and suspended particle densities typically increase near the 

seafloor (Pickard and Giovando 1960). In contrast, the benthic nepheloid layer does not 

typically form in anoxic basins which rather are often characterized by intermediate (mid-

water) nepheloid layers (INLs). These INLs are seen as a peak in turbidity between the 

bottom of the photic zone and the seafloor (Pawlowicz et al. 2007; Swarzenski et al. 1999); 

see Fig 9 in Yahel et al (2008) for comparison. Intermediate nepheloid layers near the oxic-

anoxic interface can be attributed to the precipitation of Mn and Fe oxides (Cowen and Silver 

1984; Neretin et al. 2003; Tebo et al. 1984) and more recently to the presence of 

chemosynthetic bacteria in high abundance (Rozanov et al. 1998). However, these INLs are 
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generally well defined, contain fairly narrow turbidity peaks (see Rozanov et al (1998) and 

Neretin et al (2003)) and do not explain the gradual increase in turbidity between the bottom 

of the photic zone and the oxygen depletion depth commonly observed in anoxic fjords such 

as Saanich Inlet (De Robertis et al. 2001; Yahel et al. 2008). 

Sediment focusing is a widespread phenomenon in marine environments wherein 

laterally transported sediment from the slopes accumulates in deeper basins. This process 

greatly affects the dispersal and sequestration of organic matter (Inthorn et al. 2006; Rember 

and Trefry 2005; Sayles et al. 2001) and the interpretation of the sedimentary record 

(Pondaven et al. 2000; Smoak et al. 2000).  To date, sediment focusing has been attributed 

almost entirely to physical forces such as currents (Isla et al. 2004; Sayles et al. 2001), waves 

(Mullenbach and Nittrouer 2000), seiches (internal waves;), slumping, and seismic activity 

(Dallimore et al. 2005). However, significant and continuous sediment focusing may also be 

found in calm, deep marine environments where these physical factors are weak or infrequent 

(e.g. Hales et al. 2006; e.g. Sugai 1990).  

Lateral transport and dispersion of marine sediments often require the initial 

resuspension of surface sediments. This resuspension, however, is not necessarily caused by 

physical forces. In some marine habitats it is the activity of marine organisms such as 

groundfish (fish that live near or at the seafloor; (Yahel et al. 2002) ), marine mammals 

(Nelson et al. 1987) and benthic invertebrates that controls sediment resuspension. One such 

place where groundfish activity controls sediment resuspension is Saanich Inlet, a deep fjord 

with anoxic bottom water in Vancouver Island, BC, Canada (Yahel et al. 2008). In Saanich 

Inlet (Fig 1) we found that many fish, mostly sole species, inhabit the seafloor of the inlet. 

The flatfish resuspend sediment when catching overhead zooplankton, while digging into the 
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sediment or when rising out of the sediment to shift location. In a companion study,we 

recently quantified this fish activity, and concluded that these small fish (ca 10 cm long) 

reworked the surface area of the oxygenated margins about once every two to three 

days(Yahel et al. 2008); we also estimated that the flatfish resuspend about 1.3 L of bulk 

sediment m-2 d-1 . Video transects made by the remotely operated vehicle (ROV) ROPOS 

showed that small flatfish (Slender sole; Lyopsetta exilis) have high tolerance to low-oxygen 

conditions (hypoxia). These fish were present down to extremely low dissolved oxygen 

concentrations (Yahel et al. 2008). This tolerance enabled Lyopsetta exilis (and no other 

groundfish) to reach depths of 135 m and 125 m during surveys conducted in July 2005 and 

Feb 2006 respectively. 

We use the unique setting of Saanich Inlet, a partly anoxic fjord in the NE Pacific to 

show that the intense resuspension of sediment by groundfish at the oxygenated margins of 

the Inlet facilitates the transport of large amounts of sediment from the margins into the deep 

anoxic basin. Fish activity is manifested in the formation of an intermediate nepheloeid layer 

formed at the depth of their distribution limit in the oxygenated margins. This hypothesis is 

tested using a conceptual model.   

Materials and methods 

Study site  

Saanich Inlet is a northeast Pacific fjord located on southeast Vancouver Island, 

British Columbia (Fig 1). There are no major rivers that discharge directly into the fjord 

therefore most of the freshwater input arrives from external rivers. Cowichan River is the 

nearest major river and discharges into Satellite Channel to the north of the inlet sill (Gargett 
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et al. 2003). Particle rich surface waters entering at the mouth of Saanich Inlet through 

Satellite Channel (Fig 1) tend to hug the western shores creating a gradient in both biogenic 

and lithogenic particle concentrations from north to south and from west to east (Hobson et 

al. 2001; Mosher and Moran 2001).  The bottom waters are anoxic most of the year and 

bottom currents are slow (Gargett et al. 2003) indicating minimal physical resuspension over 

most of its bottom surface area (see also Yahel et al (2008)). Storms are rare in the sheltered 

inlet and likely will not resuspend sediments beyond the shallow perimeter of the inlet. In 

contrast, biological resuspension in the inlet is extensive as video recordings from the 

VENUS station (Fig 1) accompanied by acoustic backscatter data indicate that Lyopsetta 

exilis generate about 100 resuspension events m-2 d-1 (Yahel et al. 2008). 

The maximum depth of the inlet is 230 m and the total surface area is ca 65 km2.  

Sediment characteristics are described in detail by Gucluer and Gross (1964) and Blais-

Stevens  et al (1997). The inlet is a highly productive body of water (ca. 490 g C m-2 year-1; 

Timothy and Soon 2001).  The mean annual sediment flux was estimated from sediment traps 

45-50 m deep to be 1���  g m-2 y-1 with higher values at the mouth (2070 g m-2 y-1) than the 

head (595 g m-2 y-1) of the inlet (Timothy et al. 2003). The sediments in the anoxic basin are 

mostly laminated, reflecting an annual sedimentation cycle wherein the plankton (mostly 

diatoms) to terrestrial matter ratio is higher in the summer and spring and lower in winter 

(Gucluer and Gross 1964; Tunnicliffe 2000). Bottom water anoxia is re-established quickly 

after occasional oxygen renewals owing to high productivity and restricted water exchange 

through the shallow sill (70m deep) at the mouth of the inlet. 
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Field work   

Surveys were carried out during two cruises onboard the CCGS J.P. Tully to Saanich 

Inlet in July 2005 and Feb 2006. Underwater work was conducted by the ROV ROPOS 

(http://www.ropos.com) equipped with an online instrument package (Yahel et al. 2007; 

Yahel et al. 2008) that included a pumping CTD (SBE 19plus, SeaBird), an oxygen sensor 

(SBE 43), a transmissometer (25 cm, CStar, WetLabs), and a chlorophyll fluorometer 

(WETStar, WetLabs). System intake was through a 30 cm long tube positioned atop the 

ROV, ~2 m above bottom (mab). ROPOS was also equipped with video and still cameras, 

two robotic arms and corer holders for retrieving sediment cores. The fish study, current 

measurements, coring, and ROV work were conducted at a depth of 80 – 100 m on the 

eastern slope of Saanich Inlet in Patricia Bay (Fig 1); transects over the full range of oxygen 

concentrations were run from deep basin (180 m) into Patricia Bay. 

Waves and near bottom currents 

The near-bottom current regime was measured with an acoustic Doppler current meter 

(Nortek © Aquadopp; 2 MHz) positioned 1 mab at the VENUS observatory Saanich site. The 

site is located in Patricia Bay (Fig 1) at a depth of ~95 m and data was collected between Feb 

2007 and Feb 2008 with a gap of ~50 days, mostly from July and August 2007. Wave heights 

measured at a buoy in Patricia Bay between 2001 and 2007 were downloaded from the DFO 

website (http://www.meds-sdmm.dfo-mpo.gc.ca/meds/Databases/WAVE/WAVE_e.htm); we 

only used data that passed quality control. 

Water properties measurements 

Water column vertical profiles of pressure, temperature, salinity, turbidity (reported as 

680 nm light transmittance), chlorophyll fluorescence and dissolved oxygen concentrations 
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were measured during Jul 2005 and Feb 2006 by a SBE19plus CTD (SeaBird) mounted on 

the ROV in dives to the anoxic basin, conducted ~3km west of the study site (48.65o N, 

123.5o W). Note that light transmittance is inversely correlated to water turbidity and hence to 

particle concentrations in the water column. Dissolved oxygen data were calibrated using 

discrete water samples collected by GoFlo bottles and analyzed using computerized Winkler 

titration as described in Yahel et al. (2008).  Additional oceanographic data were obtained 

from repeated shipboard casts at 48.59o N, 123.50o W in 2004 and 2005 and from more 

extensive north to south and west to east (in Patricia Bay) profile transects from two cruises 

(Jul and Nov) in 1995 (data courtesy of the Institute of Ocean Sciences (IOS), Department of 

Fisheries and Oceans (DFO), Canada). Auxiliary CTD data from Effingham Inlet, another 

anoxic fjord in Vancouver Island, was also provided by the DFO (courtesy of Rick 

Thomson). Spatial distribution of turbidity was examined with the Ocean Data View software 

(http://odv.awi.de/). 

Sedimentation rate 

During the Feb. 2006 cruise, a 23 cm long sediment core was taken from a depth of 

80 m for 210Pb dating and sectioned into 1 cm slices. Excess 210Pb was measured with gamma 

counting (Yang et al. 2007) on a Princeton Gamma-Tech Ge well detector at the laboratories 

of the USGS in Woods Hole, Massachusetts. 

Sediment fluxes (sediment traps) 

Historic sediment flux data were analyzed from sediment traps that were deployed in 

Saanich Inlet between 1981 and 1983; the methodology of deployment and sample 

processing can be found in Francois (1988) and Timothy et al  (2003). The traps were 

deployed in Patricia Bay (48.65° N, 123.49° W), at a depth of 50 m and in Station SI5 
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(48.59° N, 123.50° W) at depths of 50, 115 and 180 m; trap locations are also marked in 

Fig 1.  

An automated rotating sediment trap was deployed in Patricia Bay at the VENUS site 

(48.651° N; 123.486° W) and connected such that operators could open and close the bottles 

by shore command. The trap (TECHNICAP model PPS 4/3-24S) was placed with its opening 

(diameter 0.05 m2) two meters above the oxygenated seafloor at a depth of 94 m. Thirty six 

samples were collected intermittently between 2007 and 2009. Sediment samples were 

rinsed, freeze-dried and weighed at the University of Victoria.    

Sediment transport model 

To examine if the characteristic turbidity distribution observed within Saanich Inlet 

could be explained by resuspension caused by groundfish activity, we developed a sediment 

transport model wherein we crudely assumed that resuspension is caused by groundfish 

activity alone and that this activity occurs uniformly along the oxygenated margins down to 

the depth where oxygen concentrations are too low to support it (excluding Finlayson's Arm). 

For the sediment transport model, we start with the governing advective-diffusive equation:  
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where C is the sediment concentration, u is the offshore advective velocity, and ��y and � z 

are the transverse (i.e., axis parallel to the shoreline) and vertical eddy diffusivities 

respectively. For simplicity, we ignore variations in sediment resuspension and transport 

parallel to the shoreline by setting the alongshore velocity, v=0.  
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 To find an analytic solution, we initially assume that there is no advective transport 

and that u and the sediment settling velocity, ws, are zero. A solution to Eq. 1 can then be 

formed for unbounded flow (Fischer et al. 1979) : 
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where M is the mass of suspended sediment. If there is a continual input of mass over time, 

tMM /	
�

, the passage of mass per a given time period through a slice of thickness x� can be 

written as tM �
�

. Under uniform advective conditions, uxt /�� 	 , and Eq. 2 can be written: 
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If ws is the sediment settling velocity, then over a time t, the center of mass of the 

sediment plume is displaced a vertical distance of wst. The assumption made is that the 

vertical settling velocity of the sediment particles is not a function of sediment concentration 

and all particles for a given size class (i.e., silt or clay) fall uniformly at a rate ws. Lastly, if 

the offshore current, u, is constant, then the time component in the equation can be replaced 

with t=x/u, and an equation for sediment concentration at steady-state can be formed: 
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In our generalized model, we assume that 


 		 yz /sc, where Sc = 0.7 is the 

turbulent Schmidt number applied to the suspended silt and clay. The eddy diffusivity was 

approximated as 2 x 10-3 m2 sec-1, which is in the middle of the range of eddy diffusivities 
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reported for Saanich Inlet (Kunze et. al., 2008). Since silt and clay are two distinctive size 

classes of particles, they have different settling velocities. ws was estimated for clay (grain 

size 1-3.9µm) according to Stokes law for small, spherical particles: 

221

9
)(2

r
g

ws �
�� �

	      Eq. 5 

where g is the acceleration of gravity (980.6 cm/s²), � 1 and � 2 are the density of the 

particles (ca 2.6 g/cm3) and the seawater (1.025 g/ cm3) respectively, µ is the viscosity of 

seawater (ca 0.015 dyne sec cm-²) and r is the radius of the particle; � 2 and µ were calculated 

assuming temperature and salinity of 10oC and 31‰ respectively. A mean diameter of 3 µm 

was applied for the clay particles, giving a ws= 5.2 x 10-3 mm s-1. Since the silt particles are 

larger (grain size 3.9-62.5µm), and it has been found that Stokes law does not predict settling 

velocities accurately for particles within this size range, an empirical relationship was used to 

estimate ws for silt (Nielsen 1992): 

� � � �
r

rgr
ws 1488.00116.0

0496.0003869.01/493 21
22

�

������
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  Eq. 6 

Using a mean particle diameter of 40 µm for silt, which was in the mid-range of the grain 

size distribution, a mean value of ws = 0.88 mm/s for silt particles was used in the model. 

These estimates assume no flocculation of the particles. In this model we used boundary 

conditions whereby all the resuspended material from fish activity disaggregates to singular 

sediment grains following resuspension events. Clearly, not all resuspended material will 

disaggregate, and therefore not all resuspended silt and clay will be transported offshore or 

fall at the predicted settling velocity for individual grain sizes. These aggregated particles are 

expected to be larger than individual grain sizes, settle quickly and not contribute appreciably 

to the offshore suspended sediment concentrations in Saanich Inlet. Actual disaggregation 
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dynamics are unknown for Saanich Inlet, and therefore, normalized suspended sediment 

concentrations are presented as model outputs relative to concentrations resuspended at the 

margin. Even though actual suspended sediment concentrations are not computed, 

disaggregation dynamics should not impact the overall shape of the normalized sediment 

concentration profile throughout the water column. 

Results 

Near bottom currents and advection 

Current speeds at 1 mab (95 m) were generally low (Fig 2.A) with mean (±SD) of 

3.6 ± 2.0 cm sec-1, considerably lower than the threshold for silt or clay resuspension (Van 

Rijn 1993). The dominant flows were oriented southwest (220o and 290o) and currents with 

some offshore components prevailed (62% of the time, Fig 2.B). Summed flow vectors 

(progressive vectors) yield average daily advection of 1.1 km day-1 at 190o (Fig 2.C), with an 

off shore component of 0.77 km d-1. Suspended sediment concentration (measured as acoustic 

backscatter) showed no correlation with the near bottom current velocities (Fig 2.A) 

suggesting that currents were not responsible for sediment resuspension. Wave heights 

measured in Patricia Bay were low, < 0.4 m throughout the year with no evidence of high 

energy storms (Fig 2.D). 

Spatial distribution of turbidity and dissolved oxygen 

The depth of the anoxic zone in Saanich Inlet varies over annual and seasonal cycles 

by over 50 m (but rarely coming shallower than 90 m). Video transects made by the ROV 

ROPOS showed that Lyopsetta exilis have high tolerance to hypoxia and fish were present 
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down to the 18 µmol L-1 limit (Fig 3). We therefore consider this value as the oxygen barrier 

for the slender sole and term it the ‘fish oxygen barrier’ (FOB).  

A consistent turbidity pattern was evident in almost all the vertical profiles we 

examined (e.g. Fig 4). A high turbidity zone occurs in the surface water followed by a low 

turbidity zone just below the photic zone (20 m; Timothy and Soon (2001)). Below the photic 

zone, there is a gradual turbidity increase down to the oxic-anoxic interface, where a "hump" 

containing two distinct turbidity peaks occurs (marked by arrows and square frames in Fig 4) 

above and below the fish oxygen barrier (FOB). From deeper peak, a gradual turbidity 

decrease occurs toward the bottom of the anoxic basin. The location of the turbidity "hump" 

with its two peaks was closely correlated with the depth of the oxic-anoxic interface and 

shifted with the seasonal changes in the depth of the FOB (Fig 4). Temporal changes were 

also observed in the depth of the pycnocline but these bore no relationship to the depth of the 

FOB or that of either of the mid-water turbidity peaks (Fig 4) suggesting that they were not 

caused by particle entrapment over isopycnals. In locations containing oxygenated margins, 

the turbidity increases all the way down to the seafloor; (Yahel et al. 2008). 

Transmissivity contours along north to south and west to east transects of CTD casts 

in Saanich Inlet (see in Fig 1) are shown in Fig 5A and 5B respectively. These contours show 

a mid-water (below the photic zone and above the FOB) turbidity gradient increase towards 

the sides of the inlet. This increase (Fig 5B) indicates a plume of suspended particles from the 

margins to the center of the inlet.   

 

 



������������	

�� � �
���
����������
����������
����

����� � � � ��

�

Sedimentation rate 

Sedimentation rate in Patricia Bay was determined from the log-linear fit of the 210Pb 

measurements in one of the cores to be about 0.1 cm y-1; corresponding to the accumulation 

of ca 0.45 kg DW m-2 y-1. This log-linear region of the profile extended below a ~12-cm-deep 

zone of sediment mixing, as suggested by an abrupt change in 210Pb slope at that depth  

Sediment fluxes (sediment traps) 

Patricia Bay:  Mean flux of 3.6 g dry sediment m-2 d-1 was measured during 1983 in 50 

m deep sediment traps (n = 12; SD = 0.9). Mean sediment flux measured at the VENUS 

station, 2 m above the seafloor (95 m depth) was 13.4 g dry sediment m-2 d-1  (n = 36; SD = 

7.4); ~ 4 times higher than the flux measured at 50 m depth.  Such high near bottom flux 

suggests intense sediment resuspension at the seafloor of Patricia Bay.  

Station SI5: Results from the mid-inlet sediment traps are shown in Table 1. The mean 

sediment flux increased by a factor of 1.7 between the shallow trap at 50 m and the mid-water 

trap at 115 m depth. This increase with depth in the oxygenated waters occurred in ten out of 

the eleven measurements (P < 0.002; t-test, for paired samples). In contrast, there was a 

slight, yet significant flux decrease (P < 0.02; t-test for paired samples) between the mid-

water trap, just above the FOB, and the deep trap (180 m) in the anoxic waters.  

Sediment transport model 

Model results are shown in Fig 6 (see discussion for details). 
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Discussion 

Distribution of particles in the water column 

Of the three apparent turbidity peaks observed in the transmittance profiles, two are 

extensively discussed in the literature: the surface turbidity and the deep turbidity peak at the 

redox transition zone. These are briefly discussed below. Our main focus was the previously 

shown (De Robertis et al. 2001; Yahel et al. 2008) yet never explained turbidity peak that 

forms above the FOB (arrows in Fig 4). The formation of this observed turbidity peak in the 

mid-water cannot be explained by purely physical forcings. The weak currents and waves 

(except in the very shallow shore zone) measured in Saanich Inlet do not create sufficient bed 

shear stresses to induce sediment resuspension, while aggregation of particles at density 

interfaces can be ruled out because the vertical location of the peak is not associated with the 

pycnocline (Fig 4). Below we provide evidence that the upper peak is formed by the large 

and active groundfish populations that constantly resuspends the sediments, increasing 

turbidity down to the FOB.  

 The high turbidity zone at the surface is associated with high chlorophyll 

fluorescence (Fig 4), suggesting that surface turbidity reflects the high density of 

phytoplankton populations. The decline in phytoplankton below the photic zone forms the 

observed turbidity minimum (Figs 4, 5). 

The deeper turbidity peak (square frames in Fig 4) appears below the FOB at the 

redox transition zone, where oxygen is completely exhausted and H2S starts to form by 

sulfate reduction (e.g. Velinsky et al. 1991). The peak has a distinct narrow shape that 

appears in many anoxic basins. Its shape resembles that of the redox nepheloid layer seen in 

the Black Sea (Rozanov et al. 1998) and Gotland Deep, Baltic Sea (Neretin et al. 2003). The 
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redox nepheloid layer in the Black Sea and the Baltic Sea are very distant from the shore 

(tens of kilometers). There, the shape of the peak is very distinct because suspended particles 

originating from sediment resuspension at the basin margins have been greatly diluted over 

such distances. The redox nepheloid layer has biogeochemical origin. Earlier studies 

attributed the peak to water column precipitation of Mn and Fe oxides at the redox transition 

zone (Cowen and Silver 1984; Tebo et al. 1984). More recent studies from the Black Sea and 

Baltic Sea have demonstrated however that the vertical distribution of the deep turbidity peak 

is different than that of the Mn precipitation peak (Neretin et al. 2003; Rozanov et al. 1998). 

These studies suggest that high densities of chemosynthetic bacteria thriving at the redox 

transition zone produce the deep turbidity peak. The vertical transmissivity profiles in 

Saanich Inlet show that the narrow deep turbidity peak is superimposed on a mid water 

turbidity hump (Fig. 4) that is visible because the center of this small basin is close to its 

margins  (Figs 1, 5).  The maximum turbidity is located at the upper peak of the hump 

(arrows in Fig 4) that we attribute to lateral transport of particles resuspended at the margins. 

Recently we have demonstrated that groundfish activity in Saanich Inlet may be a major 

source for sediment resuspension throughout the oxygenated margins of the inlet (Yahel et al. 

2008). Large particles (and particle aggregates) of the resuspended sediment sink quickly 

back to the seafloor. The finer particles (mostly silt and clay) are advected by bottom currents 

towards the center of the inlet over the anoxic basin (Fig 2). The sediments resuspended at 

the sides, at the FOB depth have the shortest horizontal distance to travel toward the center of 

the inlet (see Fig 1B), thus forming a "hump" containing the upper turbidity peak. A gradual 

increase in particle concentrations with depth between the bottom of the photic zone and the 

peak of the turbidity hump (above the FOB) correspond to the gradual decrease with depth in 

travel distance of resuspended particles between the margins and the center of the inlet (Fig 
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6A). The gradual decline in particle concentrations with depth in the deep anoxic waters (Figs 

4, 5) suggests that the particles that are supplied by horizontal advection from shallower 

waters in the oxygenated margins are vertically distributed by sinking (gravity) and 

turbulence (eddy diffusivity; see discussion of the model below). “New” addition of particles 

to the anoxic waters is negligible because sediment resuspension activity by fish is zero, Mn 

and Fe are in the dissolved phase (Cowen and Silver 1984; Tebo et al. 1984) and the density 

of chemosynthetic bacteria such as sulfide oxidizers is low. 

In the transmissivity transects (Fig 5) a decrease in turbidity is observed from north to 

south, both in the surface waters and at the depth of the sill (a-b in Fig 5A). In the surface 

water this turbidity is primarily due to phytoplankton plumes originating from Satellite 

Channel (Hobson and Mcquoid 2001), and deeper at the sill a plume of particulate matter 

intrudes ca 6 km into the inlet. This intrusion is most likely related to sediment resuspension 

at the sill where currents are faster and resuspension due to biological and physical processes 

are difficult to differentiate. 

A deeper plume of particulate matter is clearly seen in the two perpendicular cross 

sections of Saanich Inlet, N-S (Fig 5A) and W-E (Fig 5B). We suggest that this deep plume is 

caused by the horizontal flux of particles originating from sediments resuspended by 

groundfish at the margins. The plume of particulate matter in the anoxic waters below the 

FOB at the bottom of Finlayson's Arm in the south (160 m depth; Fig 5A) is likely formed by 

settling sediments transported by Goldstream River or by in situ redox controlled 

precipitation. Turbidity peaks to the north of Finlayson's Arm (~ 125 m depth; 48.57 - 

48.53oN), at sites in which the canyon walls are steep and rocky (i.e., no resuspension) may 

indicate southward intrusions of particles that are resuspended further to the north.  This 
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conclusion is consistent with the measurements at the VENUS station in Patricia Bay 

showing a strong southwards component of the currents. If the turbidity profiles in Saanich 

Inlet are produced by the biophysical mechanism suggested above, then the deeper the FOB, 

the shorter the travel distance of resuspended particles to the center of the inlet, and hence the 

larger the mid-water turbidity peak. Indeed, the transmissivity in mid water during August 

2004 and 2005 (deep FOB) was lower than the transmissivity during May 2005 (shallower 

FOB). Following the above reasoning, it is postulated that in oxygenated fjord regions the 

maximum concentrations of suspended particles should appear near the seafloor (nearest to 

groundfish activity), even when bottom currents are very slow. This is indeed the case in 

calm, British Columbian fjords such as Effingham Inlet (Fig 7A), Saanich Inlet (Yahel et al. 

2008) and Jervis Inlet (Pickard and Giovando 1960). In anoxic regions of the same fjords, 

e.g. Effingham Inlet (Fig 7B) and Saanich Inlet (Fig 4), this biophysical mechanism causes a 

turbidity peak just above the FOB and a turbidity decrease below the redox nepheloid layer.. 

Sediment trap data from Patricia Bay (Saanich Inlet, see results above) and from Jervis Inlet 

(Timothy et al. 2003) are also consistent with this hypothesis. The large sediment flux in mid-

water (near the FOB) as compared to shallow water (sediment flux in mid-water to shallow 

water ratio of 1.7, Table 1) clearly demonstrates the important role of lateral transport of 

suspended particles from the margins to the basin center.  

Sediment transport model 

A sediment transport model was used to examine whether the observed turbidity 

pattern in Saanich Inlet can be reproduced assuming ambient flow and mixing conditions and 

that the particles supply depends entirely on sediments resuspension by groundfish along the 

oxygenated margins (0-130m depth; Fig 6). The model computes the steady state distribution 
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of both silt and clay particles in the water column over the anoxic basin using Eq. 4 with 

physical parameters from Saanich Inlet (Table 2). Since Eq. 4 calculates concentrations from 

a localized release of mass, we used uniform sediment supply of 12 mg m-3 s-1 for the entire 

depth range of fish activity. As mentioned above there is no way to know how much of the 

adhered fine sediments disaggregate to silt and clay sized particles during resuspension. The 

particle concentrations in Fig 6 were therefore normalized to their fraction of expected 

particle concentrations just above the seafloor in the oxygenated margins. The model results 

show turbidity profiles (Fig 6) that have a remarkable similarity to the shape of the turbidity 

hump in the measured profiles (Figs 4, 5). Notably the magnitude of these peaks at the center 

of the inlet depends on the resuspension rate of silt and clay particles by the seafloor and the 

angle of the margin slope (the shallower the slope the higher the particle concentrations at the 

center of the inlet; Fig 6). This supports the hypothesis that groundfish resuspension activity 

has a potential to produce the observed distribution of particles in Saanich Inlet. The model 

however reproduced the location of the upper turbidity peak (the maximum of the turbidity 

hump) just above the FOB, which is slightly deeper than the measured transmittance profiles 

(compare Figs 4, 5 to Fig 6C,D). This difference probably stems from a non-uniform depth 

distribution of groundfish activity since their abundances decrease approaching the FOB (Fig 

3). The model only predicts the distribution of resuspended particles from the margins; and 

does not reproduce the complete turbidity profile in Saanich Inlet due to the lack of particle 

distributions not associated with groundfish resuspension activity, e.g. phytoplankton, fecal 

pellets, particulate Mn and Fe, bacteria and runoff suspended load. Nonetheless, without 

additional particulate input from the sides, the turbidity between the bottom of the photic 

layer and the redox nepheloid layers should be fairly uniform at the center of the inlet.  
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 The suggested model is crude and some output errors may stem from 

inaccurate silt to clay ratio, shifts in current speed and direction, particles flocculation and 

turbulence. Total suspended solids (TSS) measurements from Saanich Inlet are scarce;  if 

however values are as low as reported by Power et al (1996), i.e., <1.5 mg L-1, than 

disaggregation of even 10 % of the clay and silt fraction in the resuspended sediment due to 

fish activity can easily produce a distinct peak in the turbidity profile. 

Sediment focusing in Saanich Inlet 

Focusing in a sedimentary basin is the transport of sediments from the margins to the 

deep basin. A clear indication for sediment focusing may be found in the accumulation (A) to 

rain (flux reaching the seafloor from the surface water; R) ratio (A/R) of refractory lithogenic 

sediments (not dissolved or degraded).  Focusing leads to an accumulation to rain ratio that is 

larger than unity (A/R >1) in the deep basin and smaller than unity (A/R<1) in the margins. 

In Patricia Bay, we calculated an accumulation rate of 0.45 kg dry weight m-2 y-1 from 

measured 210Pb in a sediment core. In this accumulated sediment ~ 90% is lithogenic material 

(calculated by subtracting the  biogenic material in the sediment i.e., opal, particulate organic 

matter (POM) and CaCO3 reported in Gucluer and Gross, 1964 and Katz et al, 2009), thus 

causing an accumulation of 0.4 kg lithogenic material m-2 y-1. This accumulation rate is most 

likely at the high range in Patricia Bay. Gravel and pebbles that typify eroded sea-beds were 

missing in the dated core yet they are commonly found throughout the surface sediments of 

the margin (Gucluer and Gross 1964)  and in Patricia Bay (Katz et al. 2009). This may 

indicate that the bottom was less eroded at the site of the dated core than in much of its 

surroundings. The mean sediment flux in Patricia Bay measured by sediment trap deployed at 

50 m depth was 1.4 kg m-2 y 1 (3.8 g m-2 d-1), similar to the mean sediment flux for the area 
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between the head and mouth of Saanich Inlet (3.6 g m-2 d-1; Timothy et al, 2003).  Sediment 

flux from the surface water in Saanich Inlet contains ~40 % refractory lithogenic material 

(data from Timothy et al, 2003). Accordingly the refractory lithogenic particle flux measured 

by the sediment traps is 0.6 kg m-2 y-1, a value that should be similar to the rain of lithogenic 

particles. This means that the A/R at the margins in Patricia Bay is ~(0.4/0.6)=0.7, indicating 

that the margins of Saanich Inlet lose refractory lithogenic sediments, most probably due to 

resuspension by groundfish and subsequent lateral transport.  

The accumulation rate in the anoxic basin west of Patricia Bay, was estimated from 

210Pb profile to be 2.7 kg m-2 y-1 (Matsumoto and Wong 1977). We calculated a similar value 

of 2.5 kg m-2 y-1 for this location using a sedimentation rate of 1.3 cm y-1 estimated from 

varves thickness in Blais-Stevens et al (1997).  The sediment accumulation rate is expressed 

by the equation: 10��� (1-� )�� , where �  denotes sedimentation rate in cm y-1; �  denotes 

sediment porosity (0.92; Murray et al. 1978), �  denotes the bulk density of dry basin 

sediments (2.4 g cm-3; Gucluer and Gross, 1964) and the factor 10 is used for converting units 

from g cm-2 y-1 to kg m-2 y-1. Subtracting the relative weight fractions of the degradable 

biogenic material, organic matter, opal and CaCO3 (data in Gucluer and Gross 1964) from the 

total accumulation, we estimate that the accumulation rate of refractory lithogenic sediments 

(A) for the anoxic basin is 1.8 kg m-2 y-1. The “rain” of refractory lithogenic material (R) near 

the mouth of the inlet was estimated to be 0.9 kg m-2 y-1  (2.5 g m-2 d-1) from the aluminum 

(Al) flux in 45 m deep sediment traps (Timothy et al. 2003). The conversion equation is: 

lithogenic matter � 10�Al (Timothy et al. 2003). The A/R ratio for the anoxic basin is 

therefore estimated to be 1.8/0.9=2, indicating that about half of the lithogenic material that 

accumulates in the basin was transported at depths deeper than 45 m. This conclusion is 
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corroborated by sediment trap data from station SI5 showing that the sediment flux in mid 

water (115 m) is ca. 1.7 times larger than that at 50 m depth (Table 1). Some of the deviation 

from unity of the A to R ratio in the anoxic basin near the mouth of the inlet may be related to 

transport processes from the sill (where biological and physical resuspension is difficult to 

differentiate). However, station SI5 is very far from the mouth of the inlet and hence the 

increase in sediment flux between the shallow and mid water sediment traps (Table 1) implies 

that most of the lateral transport of sediments originates from the margins; where we 

concluded that groundfish activity is the main cause for sediment resuspension (Yahel et al. 

2008).  

Groundfish activity, sediments resuspension and lateral transport of suspended particles – 

A mechanism for sediment focusing  

Sediment focusing in a sedimentary basin is caused by slumping of margin sediments 

due to seismic activity, gravity failures at the sides and lateral cross-shore transport of 

resuspended sediments by near bottom currents. The data presented above suggests that a 

significant portion of the sediments in the deep anoxic basin of Saanich Inlet were previously 

deposited on the margins where they were resuspended, laterally transported and redistributed 

into the anoxic basin. This contradicts an earlier study where it was suggested that almost all 

of the sediments were transported thorough the mouth of Saanich Inlet and accumulated 

directly in the deep anoxic basin (Power et al. 1996). The idea of direct deposition of all of 

the accumulated sediments is also negated by the evidence for winnowing shown in the grain 

size distribution in Saanich Inlet sediments; median grain size of 258 µm and 5.9 µm for 

margin and anoxic basin sediments, respectively (Gucluer and Gross 1964). This difference is 

typical of sediment focusing by redistribution  (e.g. Wheatcroft and Butman 1997), not by 

direct deposition. Although slumping of basin margins can cause sediment focusing, core 
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data from the central basin of Saanich Inlet rules it out as the cause for sediment focusing at 

least during the last 130 y (Tunnicliffe 2000). To corroborate our hypothesis that a substantial 

portion of the particles advected to the anoxic basin were resuspended at the margins by 

groundfish, we present the following reasoning: (1) Our recent study demonstrated that 

flatfish (mostly Lyopsetta exilis) in Saanich Inlet constantly rework the oxygenated seafloor 

down to the FOB. This activity resuspends the top 1-2 cm of the sediment once every two to 

three days (Yahel et al. 2008). (2) We showed that the "traditional" causes the resuspension 

of sediments in the marine environment i.e. waves (Isla et al. 2004; Sayles et al. 2001) and 

strong bottom currents (Kunze et al. 2006) can not be the chief mechanisms responsible for 

sediments resuspension in Saanich Inlet. This is because in this deep and sheltered water 

body, wind driven waves are small, even in mid winter (Fig. 2D) and currents are on average 

too week to initiate resuspension of bottom sediments (Fig 2A; Yahel et al, 2008). 

Resuspension by internal waves (seiches) is also unlikely since these seiches are not evident 

in the current measurements. (3) In our model we show that the distribution pattern of 

particles in the water-column coincide with the depth range of biological resuspension by 

groundfish and expected sediment fall velocity. The slow currents in Patricia Bay can carry 

the fine sediments resuspended by the fish towards the center of the inlet where they are 

gradually deposited along with particles falling from the surface water above the anoxic 

basin. We could find no variable (e.g. density interfaces and redox conditions) other than the 

distribution of flatfish along the margins that could explain the hump in transmissivity above 

the FOB or the increase in sediment fluxes between the FOB and the surface water.  

Considering this evidence, we conclude that groundfish activity is the main mechanism 

controlling resuspension on the margins, facilitating sediment focusing in the deep anoxic 

basin of Saanich Inlet. This combination of biological resuspension and particle advection 



������������	

�� � �
���
����������
����������
����

����� � � � ��

�

suggests an important biophysical mechanism for sediment focusing to occur, which has not 

been considered before.  

The general importance of groundfish activity to sediments focusing 

Sediment resuspension by groundfish (and other marine organisms) is not unique to 

Saanich Inlet since fish that resuspend sediments, e.g. rays (Sasko et al. 2006), flatfish (Yahel 

et al. 2008), goatfish (Yahel et al. 2002) and cod (Katz et al. 2009) inhabit most marine 

environments. The magnitude of this phenomenon and its relative importance in focusing 

sediments is little-studied. The magnitude of the effect of groundfish activity and its relative 

importance should depend on the abundance and behavior patterns of the inhabiting fish 

species, the physical properties of the seafloor and its relief, as well as the sediment 

characteristics and the ambient physical forcing therein (currents, waves and seismic 

activity). Though fish activity may be negligible in some marine environments, our data 

demonstrate that in other basins (where currents are slow and wave energy is small) it may be 

the dominant mechanism facilitating sediment focusing. Although this study dealt with 

fjords, we see no reason why the biophysical mechanism of sediment focusing is not equally 

valid for lakes or continental slopes, whether partly anoxic or fully oxygenated. While clearly 

more notable in stagnant water bodies, the described biophysical process may be important in 

many aquatic environments where the relative importance of groundfish in sediment 

resuspension is not as obvious as in Saanich Inlet or masked by physical forces (often 

episodic) such as storms. We postulate that this widespread biological activity plays an 

important role in the distribution and export of organic matter to the deep sea and affects the 

burial rates of various chemical elements in the sediment.  
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TABLES 

 Table 1: Sediment fluxes (g dry weight m-2 d-1) in station SI5 in Saanich Inlet; fluxes 

were calculated from sediment traps deployed in the early 1980's at 50, 115 and 180 m depth 

(see figure 1). The ratio in sediment fluxes between the traps at 115 m and 180 m to the 

fluxes measured at the 50 m trap are shown as flux115:flux50 and flux180:flux50 respectively. 

 

 

 Flux at 50 m Flux  at 115 m Flux at 180 m flux115:flux 50 flux180:flux 50 

Dec-81 2.33 3.32 3.36 1.4 1.4 

Apr-82 3.34 6.86 5.92 2.1 1.8 

Jul-82 1.0 1.51 1.33 1.5 1.3 

Nov-82 2.41 2.35 2.78 1.0 1.2 

Feb-83 2.74 3.0 2.93 1.1 1.1 

Mar-83 2.52. 5.21 4.49 2.1 1.8 

May-83 1.59 4.29 3.39 2.7 2.1 

Jun-83 3.17 5.63 4.36 1.8 1.4 

Jul-83 1.59 3.22 2.89 2.0 1.8 

Aug-83 3.96 5.10 4.06 1.3 1.0 

Sep-83 2.56  3.30 2.78 1.3 1.1 

Mean 

(SD) 

2.47 

(0.85) 

3.98 

(1.58) 

3.48 

(1.2) 

1.7 

(0.5) 

1.5 

(0.4) 
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Table. 2: Variables used in the sediment transport model for the prediction of the 

distribution of laterally transported particles from the slopes of Saanich Inlet to the water 

column (model results shown in Fig 6) 

Source Approximate value in 
Saanich Inlet 

Variable 

dividing 130 m depth by the 
projected distance between 
the shore and the 130m 
contour 

�  6.5 o (range between 2.5 and 
12.5o) 

Mean slope of the margins 
(deg) excluding Finlayson's 
Arm) 

Fig 1 4000 m in Patricia Bay 1700 m 
at the IOS sampling station 

Distance between mid inlet and 
the shoreline 

(Yahel et al. 2008) 3.6 cm s-1 Mean bottom current speed 

Fig. 2 1.1km day-1 ; 190o Mean advection by bottom 
currents 

Fig. 2 0.77 km d-1 due west Off shore advection by bottom 
currents 

(Gucluer and Gross 1964) excluding  intact diatom 
frustules ca 50% silt and 50% 
clay 

Particles reaching the anoxic 
seafloor 

(Gucluer and Gross 1964) 2.9% clay, 7.7% silt Fine particles in the margin 
sediments 

(Yahel et al. 2008) 12 mg m-2 s-1 Resuspension rate 

(Gucluer and Gross 1964) �  2.6 g cm-3 Particle density 

mid range in Kunze et 
al(2008). 

20 x 10-4 m2 s-1 Eddy diffusivity 
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 FIGURE CAPTIONS 

Figure 1: Bathymetric map of Saanich Inlet (A). Insets of two small maps in the bottom 

right corner (C) show Saanich Inlet location in British Columbia and in North America.  Inset 

in the top right (B) shows a cross section of the fjord along the dotted e-f line; white triangle 

on that line marks the location of the CTD sampling station made by the Institute of Ocean 

Sciences (IOS), Department of Fisheries and Oceans Canada. Grey shading marks the area 

below 130m depth, an area that is mostly covered by anoxic bottom water and devoid of 

groundfish. Square frame in Patricia Bay marks the study area and the black cross marks the 

location of the dated core. The thick curved line marks the fish survey path (results in Yahel 

et al.(2008)). The North to south (a-b) and west east (c-d) black lines mark transmittance 

transects of the IOS in 1995. Grey and white circles mark the location of mid-water sediment 

traps in Patricia Bay and station SI5 respectively; the arrow shows the location of the 

VENUS station. 

Figure 2:  Summary of near bottom currents, lateral advection, and acoustic backscatter 

in Saanich Inlet between Feb 2007 and Feb 2008 (VENUS site, 96 m depth, 1 mab) and buoy 

wave data between Feb 2001 and Jan 2009 from Patricia Bay (http://www.meds-sdmm.dfo-

mpo.gc.ca/meds/Databases/WAVE/WAVE_e.htm). A.  Acoustic backscatter near the 

seafloor (as a proxy for suspended particulate matter concentrations) plotted versus the 

speeds of the bottom currents. The lack of correlation (r = 0.05) indicates that resuspension is 

not caused by the bottom currents. The frequency distribution histogram of the current speeds 

at the top of the scatter-plot indicates that currents were very slow, rarely exceeding 10 cm 

sec-1. B. Total annual water advection (m) partitioned into 1° bins and plotted using compass 

direction. Total advection was calculated as six times the sum of all 10 min current speed 
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records (cm s-1) in each 1° direction. The radius (x axis) is 6 km long and circle grid intervals 

are 1 km. Flow was primarily directed southwest with an off shore (westwards) component. 

C. Eulerian measurements of near-bottom annual advection plotted as a progressive vector of 

the currents (10 min flow vectors connected head to tail). Gaps in the line indicate periods of 

missing data and values were interpolated assuming mean flows in the missing period. D. 

Frequency distribution of the significant wave height (m). 

 

Figure 3: Vertical profiles of oxygen in the water column in the middle of the inlet 

(broken line) and groundfish densities (solid circles connected by solid line) along the slope 

in Patricia Bay during Jul 2005 and Feb 2006. Horizontal lines are drawn at the depth where 

oxygen concentrations equal 18 µmol L-1 marking the FOB between fish inhabited and 

"fishless" depth zones.  

 

Figure 4: Three representative examples of vertical profiles of oxygen concentrations 

(O2), light-transmittance (Tr), chlorophyll fluorescence (Fl), and water density (� ) measured 

at the mid inlet sampling station during August 2004, May 2005, and August 2005. 

Horizontal lines mark the depth of the fish oxygen barrier (18 µmol L-1). Arrows mark the 

peaks of the subsurface turbidity hump above the fish oxygen barrier attributed to particle 

plumes from the sides. Squares mark the sharp peaks of the lower intermediate nepheloid 

layer (INL) located below the fish oxygen barrier. These well defined INLs are attributed to 

redox processes (see text). Note that both the sediment plume and redox INLs are shifted with 

the depth of the fish oxygen barrier. 
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Figure 5: Transmittance contours (% of emitted light m-1) along a north to south (A) and 

an east to west (B) transect of Saanich Inlet (a-b and c-d lines in Fig. 1, respectively). The 

transects were generated with the Ocean Data View (ODV) software using transmittance 

profiles from the IOS database. Casts taken between July and November of 1995 are shown 

as vertical dashed lines. The values of the x axis are latitude (deg N) at the north to south 

section and longitude (deg W) for the east to west section.  The grey shading at the bottom is 

a rough representation of the bottom based on the bottom depths at the sampling locations. A 

5 km scale is added as a white line at the bottom of each of the charts; note the difference in 

length between the sections. Not having oxygen measurements from the time of the transects 

(Jul and Nov 1995), we added an approximate depth range (between the broken, horizontal 

lines) for the fish oxygen barrier (FOB) according to that in Fig-4.  

 

Figure 6: Model predictions of normalized particle concentrations in the water column. 

The model predicts only the concentrations of particles (C) that were transported from the 

margins. Normalized concentrations shown in the profiles in charts B, C and D are given as 

the fraction of the particle concentrations just above the seafloor in the reworked margins 

(C0). A. Graph indicating the angle of the margin's slope (� ), the distance from shore (DFS) 

of the sampled water column and the location (defined by depth) of the deepest resuspension 

along the slope (DR, occurring at the fish oxygen barrier), below which there is no 

groundfish activity. B. Particle concentration in the water column 1700 m from shore where �  

is 6.5o (mean slope for Saanich Inlet margins when excluding Finlayson's Arm); the three 

profiles correspond to different locations of the DR along the slope. C. Particle 

concentrations in the water column at different distances from shore with DR set at 130 m 
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and �  of 6.5o. D. Particle concentrations in the water column at different distances from shore 

where �  is 2.5o, similar to the slope of the margins in Patricia Bay.  Note that at this slope, the 

depth of the seafloor at DFS = 2000 m is only 87 m, within the range of the reworked, 

oxygenated margins explaining why C = C0. 

 

Figure 7: CTD profiles from Effingham Inlet showing light transmittance (Tr), oxygen 

(O2) density (� ). Effingham Inlet has two basins with slow bottom currents , one oxygenated 

(A) and one anoxic (B). The transmittance profiles (Tr) show that turbidity beneath the photic 

zone in the oxygenated basin increases all the way down to the bottom (A) whereas turbidity 

in the anoxic basin increases only down to an intermediate depth (B); from there turbidity 

decreases towards the seafloor.   
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FIGURES 

Figure 1 
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Figure 2 
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Figure 3  
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Figure 4 
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Figure 5  
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Figure 6 
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Figure 7 
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