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Abstract

New observations of physical, biological, and chemical parameters were obtained between July 2003 and
February 2005 in Nitinat Lake, British Columbia, a permanently anoxic seawater fjord. These observations
include continuous profiles of nitrate and bisulfide using a new instrument for in situ ultraviolet
spectrophotometry. Anoxic seawaters in this 200-m-deep basin can be found as shallow as 7 m. However,
Nitinat Lake is surprisingly dynamic, with a deep-water renewal time of only about 5 yr and significant spatial
and temporal variability. Exchange with the ocean is limited by the size of the linking channel, and during low
tides the outflow is subject to an hydraulic control. This nonlinearity causes a relatively large fortnightly cycle in
water level and explains flooding events associated with heavy rainstorms. In addition, the restricted flow makes
deep-water renewal gradual so that anoxic conditions are preserved. Intermediate waters (5-40 m in depth) are
renewed alternately by oxygenation from surface mixing in winter and by upwelling of anoxic water and
horizontal inflow of subducted ocean water in summer. The horizontal inflow results in a subsurface region of
suboxic water in mid-fjord during summer. No suboxic regime is evident at either the river end of Nitinat Lake
(where oxygen and sulfide-rich regions adjoin in a nitrate-depleted water column) or at the ocean end of Nitinat
Lake (where oxygen and nitrate-rich regions sometimes overlap with sulfide-rich regions). Maximum
phytoplankton levels near the surface are high in both winter and summer. A second peak in biological activity
appears near the anoxic boundary, possibly as a result of sulfur-oxidizing bacteria. Sulfate-reducing bacteria are
also present in anoxic water in both seasons and just above the oxic/anoxic interface in winter and just above the

suboxic/anoxic interface in summer.
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The classic reference on anoxic basins (Richards 1965)
discusses a number of locations including Nitinat Lake,
British Columbia (Fig. 1), which, despite its name, is
actually an anoxic fjord (i.e., filled with seawater).
Although much work has been done subsequently in other
systems mentioned therein (e.g., the Black Sea, Cariaco
Trench, and various Norwegian fjords), Nitinat Lake has
remained unstudied since the 1970s. Nitinat Lake is not
particularly remote but access is difficult for oceanographic
vessels. During the 1960s the area was primarily of interest
for logging. In 1980 a salmon hatchery was built a few
kilometers from Nitinat Lake on the inflowing Nitinat
River, with saltwater rearing pens on Nitinat Lake itself.
This is the largest chum salmon hatchery in Canada, and
although commercial fishing no longer occurs within
Nitinat Lake, there is a large sport fishery as well as
a commercial fishery of these stocks offshore. Recreation-
ally the seaward end of Nitinat Lake is in Pacific Rim
National Park, the mid-fjord is part of a popular canoeing
route, and the inshore end is now prized by sail- and
kiteboarders because of the steady sea breeze that occurs in
daytime during the summer. Nitinat Lake is also home to
the Ditidaht First Nations band, whose members live on its
shores. Of practical interest, Nitinat Lake has a history of
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Fig. 1. Nitinat Lake, British Columbia, and environs. (a)

Southwest British Columbia. Shaded region includes Nitinat
Lake. (b) Nitinat Lake. Sta. SO1-S08 are marked.

episodic upwelling of anoxic water to the surface in events
locally known as “overturns.” The timing and extent of
these events are not usefully documented, but anecdotally
they occur every few years in the spring or fall.

Nitinat Lake is about 23 km in length, with an average
width of 1.2 km and a surface area of 27.6 km2 (Fig. 1).
Bathymetry is typical for fjords, with steep sides and
a relatively flat bottom. Nitinat Lake can be divided at
Windy Point into two halves of roughly equal size. The
inshore half is about 200 m deep and the seaward half
about 140 m deep. In the course of this present work it was
discovered that the two halves of Nitinat Lake are actually
basins separated by a sill with a depth of 117 m. The
existence of this sill was apparently not previously known.
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Average fjord depth (volume/surface area) is about 100 m
(Northcote et al. 1964). Nitinat Lake is separated from the
ocean by the Narrows, a shallow channel (depths 2-5 m at
low tide) some 3 km in length that measures as few as 60 m
wide at the ocean entrance. This channel is tidal with
alternating inflowing and outflowing currents. The major
river feeding into Nitinat Lake is the Nitinat River,
entering from the inshore (eastern) end, with a drainage
of 800 km2. Several smaller rivers and streams also enter
into the inshore half of Nitinat Lake. There is little inflow
into the seaward (western) half. River inflows are very low
in summer and intermittently large in winter in response to
rain events. Estimated flows in the Nitinat River vary from
0.85m s—! to 850 m s—! (Fedorenko et al. 1979). Floods
are not uncommon. In October 2003 heavy rains caused
the river to rise by 8 m and Nitinat Lake levels to briefly
rise by 4 m.

Early observations of Nitinat Lake (Pickard 1963) took
place in the context of descriptions of the Canadian west
coast and were limited in scope. They showed that Nitinat
Lake was a rather extreme example of the local fjords, the
bottom waters of which are sometimes not renewed for
a number of years, so that temporary anoxia may occur.
Northcote et al. (1964) found that a sharp pycnocline
existed in the upper 10 m of Nitinat Lake and that the
water below about 20-50 m was anoxic. It was not clear at
the time of this study whether the anoxia was temporary or
permanent; subsequent researchers suggested the latter.
Following Richards (1965) and Richards et al. (1965), who
investigated the concentrations of various elements with
respect to stoichiometric models of the decomposition of
organic matter, Broenkow (1969) attempted unsuccessfully
to model the oxygen/sulfide interface using a one-di-
mensional approach. Ozretich (1975) studied the potential
for surfacing of anoxic water and suggested that two
mechanisms could be responsible: deep-water renewal by
seawater entry into Nitinat Lake and seiching due to wind
forcing. He calculated that about 10-30% of Nitinat Lake
renewed between July 1968 and October 1970, based on
changes in sulfide concentrations. Other measurements
between 1964 and 1975 are documented in Ozretich (1976).
A limnological and salmonid study was carried out during
the April-July period of 1975-1977 to assess various
factors that would affect the planned salmon hatchery
(Fedorenko et al. 1979), but little analysis of the observa-
tions was carried out. Overall, little work occurred during
winter months and the seasonal cycle was not known. No
research has been done on bacterial communities here.

With an anoxic boundary at an easily accessible depth of
only 1040 m, Nitinat Lake is therefore an understudied
but potentially useful North American analog to larger
basins such as the Black Sea. As there has been much recent
interest in the geochemistry and microbial activities of
anoxic seawaters (e.g., Murray 2005), a reexamination of
Nitinat Lake using modern methods and knowledge is
warranted. Our purpose here is to discuss new observations
and to describe the basic oceanography of Nitinat Lake,
including the seasonal cycle and its effect on the interfaces
between oxic, suboxic, and anoxic waters. Our observations
include high-resolution hydrographic sections, a seasonal
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time series, continuous profiles of nitrate and bisulfide
(HS—) using an in situ ultraviolet spectrophotometer, and
DNA and polymerase chain reaction (PCR) analysis of
water samples.

Data and methods

Several observational programs were carried out on
Nitinat Lake. Many of the conductivity—temperature—
depth (CTD) observations were of medium quality,
sufficient for detecting physical changes in the upper
40 m of Nitinat Lake. A small but important fraction
was of high quality, necessary for understanding deeper
variations; these surveys also included observations of
a number of routine biological and chemical parameters.
On two occasions detailed observations were made of
parameters related to biological processes. All work was
carried out from small open boats and much of it was
completed by hand. Water samples were generally obtained
using a S-liter Niskin bottle attached to a metered line,
which was repeatedly lowered, with an absolute depth error
of 1-2 m. Data collected include the following.

First, in 2003 temperature and pressure recorders were
moored at various locations, and several extensive but
medium-quality CTD surveys were carried out using
Seabird SBE-19s (Lamont 2005). These references describe
work relevant to seiching processes that will not be
discussed here.

Second, synoptic high-quality multiparameter hydro-
graphic sections were carried out in July 2003, February
2004, July 2004, and February 2005 (stations shown in
Fig. 1). A Seabird SBE-25 CTD was used and carefully
calibrated between surveys to provide precise estimates of
deep-water temperature (60.002°C), salinity (60.002), and
density (60.002 ¢). Chlorophyll a (Chl @) values were
estimated in situ using a WETLabs Wetstar chlorophyll
fluorometer. Fluorometer readings (fChl) have been scaled
from factory settings by 0.6 to match bottle measurements;
this scaling is consistent with quite extensive comparisons
made in nearby oceanic regimes. The “zero” is uncertain
and is taken from factory settings. This actually results in
a constant but nonzero signal in deep waters (>100 m),
where Chl g is presumably absent. Dissolved oxygen (O5)
measurements were made using a Seabird SBE-43 polaro-
graphic sensor, routinely calibrated. Photosynthetically
active radiation (PAR) and 660-nm light transmissivity
over a 25-cm path were measured using a Biospherical
Instruments QSP200PD and WETLabs C-Star transmis-
someter, respectively. Transmissivity readings are scaled so
that pure water has a transmissivity of 100%. Water
samples at 10 depths were taken at two stations (S02 and
S05), which were roughly central to each of Nitinat Lake’s
major basins, during summer sections. Water was pro-
cessed for salinity (Guildline Portosal, 60.01), for dissolved
oxygen using Winkler tritration (Culberson 1991;
64 umol L—1), for extracted Chl a (xChla) by fluorometry
in size-fractionated samples (Strickland and Parsons 1972;
610%), and for macronutrients (nitrate+nitrite, silicic acid,
and phosphate). Macronutrient samples were frozen and
later analyzed using a Bran & Luebbe AutoAnalyzer 3,
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with estimated precisions of 62, 65, and 60.1 ymol L1,
respectively. During February 2004 and July 2004 contin-
uous nitrate and bisulfide profiles were obtained at all
stations using the ISUS (Satlantic), an in situ ultraviolet
spectrophotometer, with estimated absolute uncertainties
of 62 and 610 umol L—1, respectively (relative uncertain-
ties being much smaller). ISUS data require special
processing in anoxic waters, and the details of this
processing are given below.

Third, two vertical profiles of water samples were
obtained at Sta. SO5 in July 2003 and February 2004 and
were analyzed for pH, O,, ammonium, nitrate, phosphate,
total sulfide, sulfate, particulate organic carbon (POC) and
nitrogen (PN), xChla, and total DNA. pH was measured
immediately after the bottle cast using a SympHony SB20
(VWR Scientific). Ammonium was measured on the boat
directly after removing an aliquot of water from the Niskin
bottle while taking care to avoid contact with the air. A
colorimetric method was used with a Lamotte kit and
colorimeter (LaMotte Company). O, was measured the
same day by Winkler titration (Strickland and Parsons
1972). All other samples were either filtered or stabilized
and transported to Vancouver, British Columbia, on ice.
Aliquots (50 mL) for total dissolved sulfide analysis were
stabilized immediately by addition of two drops of
2 mol L—! zinc acetate and adjusted to pH 9 with sodium
hydroxide, and were later analyzed using the method of
Cline (1969). Approximately 500 mL of each sample was
filtered through a precombusted glass-fiber filter and the
methods of Verardo et al. (1990) were used to determine
POC and PN. Filtrate was used to measure nitrate+nitrite
and phosphate using the respective LaMotte analysis kits
and procedures and to measure sulfate using the barium
chloride precipitation method (Clesceri et al. 1998). All
samples were processed in triplicate. Sulfate and sulfide
measurements had average standard deviations of
60.375 mmol L—! and 0.625 umol L—1, respectively. Am-
monium and phosphate concentrations were accurate to
within 12%, nitrate to within 62.5 yumol L—!, POC to
within 0.3%, and PN to within 1.6%. Remaining water was
filtered through membrane filters for further analysis.
Membrane filters for DNA analysis were stored in ethanol-
phosphate-buffered saline solution at —20°C until DNA
extraction was performed. Extraction was done by asepti-
cally cutting the filters into small pieces (=2 mm), which
were immersed in DNA-extraction buffer, and then
following a method adapted from Zhou et al. (1996).
DNA used for PCR was further purified using silica
membrane spin filters (MoBio Laboratories), as follows:
DNA was mixed with 1.3 mL of binding salt solution
(MoBio Laboratories), loaded onto a spin filter, and
centrifuged at 104 g for 1 min. The flowthrough was
discarded and the filter was washed twice with 70%
ethanol. DNA was released from the filter with 200 uL of
10 mmol L—! Tris (pH 8) and stored at —20°C until further
analysis. Total DNA concentration and purity were
measured spectrophotometrically using an Ultrospec 1000
UV/Visible (Biochem) at 260 and 280 nm. PCR was
performed using the extracted DNA as target, with forward
and reverse primers DSR1F and DSR4R, respectively, for
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a 1,900-base (1.9-kb) fragment of the sulfate-reducing
bacteria (SRB) dissimilatory sulfite reductase (dsr) gene
(Wagner et al. 1998), which is common to all SRB. PCR
products were resolved on 0.8% agarose gel stained with
ethidium bromide after amplification using the reaction
conditions described in Wagner et al. (1998).

Finally, monthly medium-quality CTD surveys at eight
stations along Nitinat Lake (to a depth of 60 m) were
carried out with the assistance of the Nitinat River
Hatchery staff from September 2003 through July 2004.
Temperature, salinity, and density for this data set are
accurate to 60.01°C, 60.05, and 60.05 g, respectively.

We shall call waters with O, > 20 umol L1 oxic, those
with <20 umol L—! O, and bisulfide suboxic, and waters
with >20 umol L—! sulfide anoxic. These levels are higher
than those chosen by, for example, Murray et al. (1989) for
defining interfaces but are more operationally reasonable
given our measurement techniques and their uncertainties
at low absolute concentrations. As vertical gradients in
concentrations are steep, the difference is not significant for
our analysis.

ISUS nitrate and bisulfide—Continuous profiles of
nitrate and bisulfide were obtained using the in situ
ultraviolet (UV) spectrophotometer (ISUS). This instru-
ment is designed to measure nitrate (NO ;) by applying
a least-squares fitting procedure to the measured UV
absorption over a range of wavelengths. This technique has
not been used before in anoxic seawater basins. In such
waters a large interfering absorption peak arises from HS—,
the bisulfide ion, as well as generally smaller interferences
from, for example, iodide and thiosulfate (Guenther et al.
2001). The factory-supplied internal instrument algorithms
do not account for this, and, hence, the results of their
fitting process are not valid. Here we estimate concentra-
tions from the full measured absorption spectrum using
a five-parameter model (bromide, nitrate, and bisulfide
spectra, plus a linear background) fitted using spectra from
factory calibrations and generic spectra provided by L.
Coletti (MBARI). In oxic waters absolute accuracy for
nitrate is about 62 umol L—1; relative accuracies are
higher. When bisulfide concentrations are large, small
uncertainties in the shape of the peak and/or the presence
of other chemicals result (incorrectly) in negative calculated
nitrate concentrations. Since one does not expect both
bisulfide and nitrate to be present at the same time, the fit
was recomputed assuming nitrate to be zero if bisulfide
concentrations were greater than 10 gmol L—!. The bi-
sulfide signal was believed to be accurate to within
10 umol L—1. Note that the quantity of usual interest is
total sulfide and the proportion of this appearing as HS~ is
pH dependent. pH was measured on two occasions from
water samples, and deep-water levels were in the range of
7.1-7.5 (consistent with historical values in Fedorenko et
al. [1979]). Assuming a pK of 7, we estimate that HS—
would make up about 56-76% of the total sulfide signal.
The uncertainty is large enough that further calibration was
judged redundant for the purposes of this paper, although
our results indicate that coincident pH measurements and
sulfide calibrations should be planned in future work.
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Observations

Fjord level and sill exchange—QObservations of currents
and density profiles (not shown) indicate that water in the
Narrows is well mixed and tends to move unidirectionally
at speeds of several knots. Nitinat Lake and ocean water
must therefore be exchanged alternately during ebb and
flood tides. Small tidal effects are seen in Nitinat Lake.
Figure 2a shows a comparison of tidal heights measured at
Bamfield, on the outer coast, some 25 km northwest of
Nitinat Lake (see Fig. 1), with fjord height derived from the
pressure record of a bottom-mounted sensor at 40 m near
Sta. SO6 during a period when freshwater inflows were
minimal and fjord level variations were primarily de-
termined by exchange across the ocean sill. Since Nitinat
Lake is 150-200 m in depth it is reasonable to assume that
the adjustment time by barotropic gravity waves within the
fjord is negligible, so that the pressure record is represen-
tative of overall water level. Fjord level rises slightly when
sea levels outside are higher and drops slightly when sea
levels outside are lower. Fjord high and low waters thus
tend to be delayed about 3 h relative to those in the ocean.
The tide outside has a range of 2-3 m, but Nitinat Lake
itself moves up and down with a daily range of only about
30-40 cm. Note that because the ocean tide is mixed,
predominantly semidiurnal, (i.e., with one large flood/ebb
and one weak flood/ebb per day) there is generally only one
significant rise/fall cycle per day within Nitinat Lake. In
addition to the daily changes, water levels vary by about
20 cm over a fortnightly cycle (as in the period of July—
September shown in Fig. 2¢), apparently becoming highest
when tides outside (Fig. 2d) have the largest range.

Fjord water levels are also affected by local rainfall,
especially in winter, and such changes can be much larger
than those caused by tides. In October 2003 Nitinat Lake
level rose 4 m in response to a series of significant
rainstorms. Figure 2b shows a comparison of the Nitinat
Lake level record with flow recorded at nearby Carnation
Creek. This is a small creek with drainage of 10.1 km?2 that
is representative of flows in this region (Fig. 1). Effects of
rainfall are almost immediately reflected in river flow and
fjord level. During such floods the flow at the mouth of
Nitinat Lake is always seaward, with no tidal reversal.

Vertical structure—Summer and winter profiles at Sta.
S05 in mid-fjord are shown in Fig. 3. Summer temperatures
are high at the surface (almost 20°C), decreasing rapidly
over the upper 10 m to about 10.5°C, with only small
changes in the remainder of the water column. Winter
temperatures are less than 6°C at the surface and increase
more gradually than in summer, to 10.5°C at 20 m.
Stratification is mostly determined by salinity. Summer
surface salinities are >20 and increase relatively rapidly in
the upper 5 m to about 31, more slowly down to about
30 m, and then remain nearly constant (at around 31.3)
below that. In winter surface salinities are much lower, and
this freshening can be seen down to 20 m, but the largest
gradient is still in the upper 5 m.

O, concentrations are near saturation at the surface.
Concentrations are thus much higher in the winter, when
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Fig. 2.
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Variability in water level. (a) A comparison between measured fjord levels and

measured sea levels at a nearby tide gauge in Bamfield. (b) A longer-term comparison between
fjord levels and the gauged flow at Carnation Creek. (c) A vertically expanded view of the Nitinat
Lake level record illustrating the fortnightly variation in mean levels seen in July, August, and
early September 2003. (d) Measured sea levels during the same time period. Note difference in

vertical scales between (b), (c), and (d).

temperatures are lower. In summer a slight peak in O,
appears at a depth of a few meters. Thereafter, O, levels
decrease rapidly to zero near 10 m in summer (this depth
also being close to the 1% light level) and near 20 m in
winter. O, is not detected in the remainder of the water
column. In winter sulfides appear immediately once O, has
disappeared, but in summer neither O, nor sulfides appear
in significant amounts in a suboxic region between depths
of =10 and 20 m at this station. Below 20 m sulfides
increase quickly, reaching near-constant values at ~40 m.
Sulfate (SO27) concentrations are roughly constant at
21 mmol L—! in summer.

In the oxic layer the slight summer peak in O, matches
a narrow and pronounced peak in fChl. Peak values were
almost 40 ug L= in July 2004, of which >50% was in the
smallest size fraction (0.2-2 um) measured in discrete
xChla samples. Winter values are somewhat less (although
still quite high, at around 30 ug L—1!). This shallow fChl
peak coincides with a strong minimum in transmissivity
(down to 25% in July 2004). fChl and xChla observations
indicate that small amounts of Chl @ may be present in the
upper few meters of the summer suboxic layer. In addition,
there are deeper features in both transmissivity and
fluorescence that are unlikely to be related to Chl a. A
weak transmissivity minimum occurs at 19 m in July and
February 2004. The fChl profile shows structure well below

both the summer and winter 1% PAR levels, including
a prominent winter peak at 19 m and a slowly decreasing
signal down to about 50 m in both summer and winter,
after which the signal is constant (presumably at an
effective zero). In July 2003 a lower fChl/transmissivity
peak is seen at 10 m. However, note that this particular
CTD profile was taken some days later than the discrete
data shown.

Phosphate (PO3~) and silicic acid are present, with
greatest concentrations in anoxic waters. Concentrations
are lowest in the oxic layer. In July 2004 nitrate (NO ;)
levels are depleted at the depth of the Chl a peak, are
highest at the oxic/suboxic boundary, and decrease to zero
near the suboxic/anoxic boundary. In July 2003 the nitrate
levels appear to be close to zero everywhere, but another
profile taken 10 d later (not shown) showed features similar
to those in the July 2004 profile. Within the oxic layer
nitrate and phosphate concentrations are roughly in the
16:1 Redfield ratio typical of oceanic environments (Red-
field et al. 1963), but the relationship is very different in the
other layers. Ammonium (NH ;) concentrations within
anoxic waters roughly match sulfide profiles. A surprisingly
high concentration of ammonium is found at 7.5 m at or
just below the oxic/suboxic boundary in July 2003.

POC and PN are high in oxic waters, and there is a high
degree of similarity between the fChl, PN, and POC
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Fig. 3. Summer and winter conditions at mid-fjord Sta. SO5 (14.6 km from the ocean). (a) July 2004; suboxic zone shaded. (b)
February 2004; oxic/anoxic boundary shaded. (c) July 2003; suboxic zone shaded. Continuous profiles and discrete samples are from
different sampling vessels on the same day, except in July 2003, when they are 10 d apart. PN scale is related to POC scale by 106: 16 ratio
and phosphate to nitrate scale by 16:1 ratio.
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Fig. 4. Along-fjord section of selected parameters in July 2004. (a) Temperature. (b) O,
(solid lines) and HS— (dashed lines). Thicker lines show lower boundary of oxic layer (solid) and
upper boundary of anoxic layer (dot-dashed), which are replicated in all other subplots. (c)
Temperature in upper 50 m. (d) O, (solid) and HS— (dashed) in upper 50 m.

profiles in both winter and summer (unfortunately, POC
and PN are not available for the 5-m sample in July 2003).
In anoxic waters PN and POC are constant but relatively
small. In summer the ratio of POC to PN is close to the
106:16 Redfield ratio of carbon:nitrogen (C:N). The
wintertime relationship between POC and PN is more
complicated. The ratio of POC to PN is =2-3. However, if
we assume a preformed PN of about 2 yumol L—! through
the water column and subtract this, the remainder again
varies in Redfield proportions with POC (i.e., the scaled
curves in Fig. 3b are nearly parallel but offset).

The oxic layer contains an obvious peak in total DNA
concentration coinciding with peaks in fChl in both
summer (5 m) and winter (2 m and 18 m). Winter DNA
content in the shallow peak is only about half that observed
in summer. PCR analysis of DNA from samples in July
2003 with dsr-specific primers DSR1F and DSR4R
revealed a 1.9-kb product at all depths below and including
15 m. Similarly, in February 2004 the 1.9-kb product was
detected in all samples from 12.5 m and below. This
indicates the presence of SRB in anoxic waters in both
seasons, as well as just above the oxic/anoxic interface in
winter, and just above the suboxic/anoxic interface in
summer. pH levels are near or above 8 close to the surface
but drop down to a little above 7 in the anoxic water. pH
levels in the fjord are therefore in the optimum range (6.5-
8.5) for SRB growth and activity (Postgate 1984).

Horizontal structure—Figure 4 shows several parameters
from the section occupied in July 2004 (July 2003 was
similar). In the upper 10 m temperatures are as high as 19°C
and O, is at saturation levels. Vertical variations in the upper
10 m are greater than horizontal variations over the length
of Nitinat Lake. However, horizontal variations are
relatively important between 10 m and 45 m. Temperatures
in this depth range decrease from 11.5°C at the ocean end to
10.42°C at the river end (Fig. 4c), with compensating
changes in salinity (not shown) so that isopycnals remain
level, and O, levels decrease from >100 ymol L—1 at the
ocean end to zero at mid-fjord. Bisulfide at 30 m increases
from zero at mid-fjord to =100 umol L—1! (Fig. 4d) at the
inshore end. A suboxic zone exists between § and 20 km
from the ocean in mid-fjord (seen in three profiles). At the
seaward end a layer a few meters thick in which both
bisulfide and O, are measured at concentrations
>20 umol L—1 was found at one station (km 4-8 in Fig. 4d).

Deeper waters are marked by horizontal changes in
temperature from 10.55°C to 10.42°C (Fig. 4a), again with
a compensating decrease in salinity so that isopycnals
remain level. Decreases in temperature are correlated with
increases in bisulfide (Fig. 4b), especially in the seaward
half of Nitinat Lake. A small increase in temperature and
a decrease in bisulfide can be seen in two profiles near
120 m at the bottom of the ocean basin (km 5-10,
Fig. 4a.b).
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particular survey are smaller than the temporal changes from
month to month at any particular station. Although tempe-
rature and salinity changes are partially density compensat-
ing (i.e., waters become colder and fresher, or warmer and
saltier), there is still a seasonal cycle in density at all depths
down to about 20 m. Below this level there are measurable
seasonal changes in temperature and salinity, but density at
any depth remains constant to within 60.1 g-units.

Interannual variability in deep water—Figure 7 shows
temperature, salinity, and potential density of the deep
water from precise measurements made in four surveys.
Note that profiles do not always reach the bottom.
However, certain features appear. First, the density of
waters below 140 m (in the deeper inshore basin) computed
using EOS-80 from temperature and conductivity-based
salinity has not measurably changed in 1.5 yr (within less
than 60.003 ¢), although the temperature and salinity have
undergone easily measurable changes on the order of 0.1°C
and 0.02, respectively, through the entire water column.
Small amounts of dense water must be getting into Nitinat
Lake and, by intruding along isopycnals and mixing, must
be changing the temperature/salinity characteristics.

In the depth range of 100-140 m measured densities
from July 2003 and February 2004 are up to 0.02 ¢ greater
than that of deeper water. These profiles are within the
shallower seaward basin, trapped behind the mid-fjord sill.
The temperatures in this area increase from <10.25°C
(colder than the inshore basin waters) in July 2003 to

>10.7°C (warmer than inner basin waters) by February
2004, thereafter slowly dropping to =10.5°C by February
2005.

In depths of 60-100 m water becomes about 0.007 ¢
more dense between July 2003 and February 2004, but
densities remain roughly constant thereafter. Alternatively,
we can consider particular isopycnals in this depth range to
have risen by slightly less than 20 m during this period
(presumably displaced upward as a result of the inflow of
heavier water below).

Discussion

The observations indicate that Nitinat Lake can be
roughly divided into three regions: a near-surface zone
heavily influenced by atmospheric conditions (light, wind,
rain, and subsequent river inflows), a deep anoxic zone that
intermittently receives small amounts of new water, and an
intermediate zone (at depths between 5 and 40 m) in which
oxic, anoxic, and suboxic waters interact in a seasonally
varying way. Suboxic waters appear in summertime only.
In order to understand these interactions we first need to
consider the effects of the sill on exchange with the ocean
and the ocean conditions outside the sill.

Factors constraining exchange at the sill—We estimate
the tidal volume flux into and out of Nitinat Lake by
multiplying the time derivative of fjord level from July to
September 2003 (when rainfall was minimal) by fjord
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surface area. The resulting fluxes range from outflows of up
to 300 m3 s—! to inflows of nearly 500 m3 s—1. Figure 8
shows this flux plotted against the height difference
between fjord and ocean levels, which is proportional to
the pressure gradient driving the flow. When height
differences are less than 1 m there is a monotonic relation-
ship with the flux; larger height differences result in larger
fluxes as pressure gradient forces balance velocity-de-
pendent friction. However, when the drop through the
Narrows is more than than 1 m during ebb tides the
volume flux remains constant. This indicates that the
outflow is hydraulically controlled at this time. That is, the
outflow rate is governed by the geometry of the Narrows
rather than by the height difference. This nonlinearity in
the exchange has several consequences.

First, it means that fjord levels cannot be simply
analyzed in terms of the outside water levels. In particular,
the control will rectify the fortnightly cycle in tidal range
outside Nitinat Lake to produce the fortnightly variation in
mean fjord level (Fig. 2¢). Larger inflows during higher
high tides will not be able to completely drain during the
lower ebbs.

Second, the constricted outflow acts to limit drainage
during strong rain events, resulting in large changes in fjord
level, as was observed in October 2003 (Fig. 2b). The
drainage area of the Nitinat River is about 80 times larger
than that of Carnation Creek, indicating that the river was
supplying (at peak) some 1,200 m3 s—! of freshwater to
Nitinat Lake at this time. This would be about four times
larger than the maximum controlled outflow found above

(although it is likely that the effective channel geometry
would be somewhat different with the greater water level),
and so Nitinat Lake level rises rapidly. Note that when
fjord levels are high no seawater inflow occurs. We have no
historical information on fjord level, but using the
historical record of flow at Carnation Creek as a proxy
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Fig. 8. Nitinat Lake volume change versus height change
through Narrows. Note that when sea level is more than 1 m

lower than fjord level the flow rate no longer depends on the
difference, which is consistent with a hydraulic control.
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for the Nitinat River we estimate that river flows of
>300 m3 s—! occur about 5% of the time on average (17 d
per year), so it is likely that seawater is prevented from
entering Nitinat Lake for at most several weeks a year in
total for this reason. Finally, the strong dependence of
exchange on surface height variations indicates that
baroclinic effects arising from density differences in water
on either side of the sill are always unimportant. Thus, the
presence of dense surface water outside the sill for even an
extended time is unlikely to result in a dramatic deep
renewal, as only small amounts of this water can enter
Nitinat Lake.

We can estimate what this inflow rate might be with
some simple calculations. The inflowing tidal prism is
generally saltier (denser) than the fjord surface water, and,
hence, it subducts and flows downslope. Very little of this
water would be removed on the following ebb tide, which
would primarily drain water from the upper few meters of
Nitinat Lake. However, the outflowing prism remains on
the surface within and outside the Narrows, and a sub-
stantial fraction of this water may be returned early in the
flood. Since the sides of Nitinat Lake are steep we can
discuss the prism approximately in terms of the thickness of
a layer of water covering the whole fjord. As the tidal
variation is about 0.4 m, tidal pumping is thus capable of
replacing at most 0.4 m of fjord depth in 1 d. Because of
incomplete exchange, a more realistic estimate might be
0.3 m. At this rate a 35-m—thick layer of Nitinat Lake could
be replaced in about 4 months, and the complete fjord

volume (using the average depth of 100 m) could be
replaced in less than 1 yr. However, this estimate for
complete volume replacement assumes that ocean water of
sufficient density is always available to replace the deep
water, and this is generally not the case, as we shall see
next.

Ocean conditions and renewal time—A comparison of
fjord properties with those of the outside waters is given in
Fig. 9. We take as a proxy for ocean surface water
properties a time series of daytime high-tide measurements
from the Amphitrite Point lighthouse, located 50 km away
(Fig. 1). Some caution must be exercised in using these
data. In addition to concerns with data quality, historical
comparison with other such series on the west coast of
Vancouver Island, all of which ceased operations well
before 2003, shows that short-term (i.e., daily to weekly)
variations are not coherent along the coastline. The timing
of local upwelling, downwelling, and surface freshening
clearly reflects local conditions. However, the seasonal
average and the general character of the available time
series are similar. The figure shows both the actual (daily)
observations during 2003-2004 and an average seasonal
curve (“climate”) over 70 yr of the record.

Surface water in Nitinat Lake has a slightly wider
seasonal range in temperature (and a very much greater
seasonal range in salinity, not shown) than that of the
ocean water outside. In general the ocean surface water is
always saltier (and heavier) than the fjord surface water but
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number of days for which ocean surface water, as measured at
Amphitrite Point, is capable of renewing deep fjord water. Several
percentiles are shown as well as a distribution mean, showing that,
for example, in roughly 3 yr out of every 4 yr there are between
0 and 11 d in June when deep water can be renewed.

is lighter than Nitinat Lake deep water. Climatological
ocean densities are always too light to replenish Nitinat
Lake’s water below about 20 m. However, the daily
measurements show significant variability about this mean
and indicate that dense water can appear at the surface for
short amounts of time, generally during May—November,
and more rarely at other times of the year. The temperature
record at 30 m at S02 (Fig. 9a) shows a slight warming
followed by a cooling between July and December 2003 as
ocean waters enter Nitinat Lake. The 30-m temperatures at
S02 remain roughly constant until April 2004, as ocean
waters are too light to sink to this level but then are cooled
and warmed from May through July 2004. Note that the
temperature of water entering Nitinat Lake is not
necessarily that of the climatology; in fact, it can be seen
from Fig. 9 that often, although not always, abnormally
dense water can be abnormally cold.

To provide some historical perspective, per-month
statistics on the number of days in which Amphitrite Point
water dense enough (a9 > 649 = 23.96) to flow deeper than
40 m into Nitinat Lake are shown in Fig. 10a (we neglect
entrainment effects; analysis of data in Ozretich [1976]
indicates that historical fjord densities are very similar to
present values). On average this occurs on only about 40 d
per year. These days are not spread uniformly; rather, they
tend to be concentrated during May-July (6-8 d per
month). The distribution is highly skewed; in more than
50% of winter months (September—April) outside waters
are always too light to renew deep fjord waters. If only
0.3 m of depth can be replaced per day (as discussed
above), then only 12 m of deep water can be replaced per
year. It would then take about 5 yr to exchange Nitinat
Lake volume below 40 m. Although one must be careful
not to take this analysis too far, it is likely true that renewal

1013

takes place extremely gradually in a long series of small
intrusions, generally occurring during certain times of the
year, rather than in one (or a few) infrequent and large
intrusions. The 5-yr renewal time is large, but not
overwhelmingly so compared with some other British
Columbia fjords. Indian Arm, which is similarly isolated
from outside waters by a long (but deeper) passage, has
gone as many as 7 yr between deep renewals (deYoung and
Pond 1988), with bottom water becoming briefly anoxic
after 3 yr. One difference is that the renewals in other fjords
tends to be composed of one (or a small number of) large
event(s) rather than through the gradual process apparent
here.

Renewal of intermediate water can be investigated in
a similar manner. Figure 10b gives per-month statistics on
the number of days during which outside water density is
<23.96 and >23.5 (i.e., the range of densities seen between
40 m and the lower boundary of surface mixing). We again
observe a large difference between summer and winter. In
particular, the average number of days per month in that
density range is 2-3 in winter, jJumping to 6 in summer, with
an annual sum of 50 d. For the remaining 275 d a year the
ocean water will only enter near-surface waters (if not
otherwise prevented by flooding events in Nitinat Lake).

Seasonal cycle in circulation—In winter, surface cooling,
a stronger estuarine circulation driven by greater freshwa-
ter inflow and (perhaps) stronger winds, results in mixing
that eventually penetrates to a depth of about 20 m over
the entire fjord, creating an oxygenated layer that abuts the
anoxic deep water (Fig. 5c,d). Our observations show that
O, and sulfide gradients are quite steep near this interface.
As the depth of mixing increases, we infer that sulfide is
entrained into oxic waters. Sulfides in seawater are oxidized
with a half-time on the order of 1 d (Millero 2001), so
mixtures of oxygen and sulfides are highly unstable.
However, it may be possible for an especially vigorous
mixing event, occuring during the fall at the inshore end of
Nitinat Lake when the oxic layer is thinnest and
stratification is weakest, to bring sulfides right up to the
surface where they would be released into the atmosphere.
Anoxic water would be mixed into the lighter surface water
without completely breaking down the stratification, so the
lifetime of the event, determined by the time scale of
outgassing and oxidation within the water column, would
also be short.

Also in winter, ocean surface water enters Nitinat Lake,
generally subducting into the mixing layer. Nitrate
concentrations are greatest at the inshore end of Nitinat
Lake near the river input. Nitrate concentrations at the
ocean end are slightly less, consistent with the 5-15-
umol L—1 concentrations typically found offshore. The
river inflow is likely the major source of nutrients at this
time, both in inorganic and particulate forms, although we
have no measurements in the river to confirm this.

As summer approaches the surface warms. Estuarine
circulation weakens as river inflow decreases. More dense
ocean inflows sink to deeper levels at the seaward end of
Nitinat Lake, intruding at a variety of density levels. This
produces an intermediate water mass, with nitrate levels in
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PN. During this time significant riverine input occurs, and
wintertime nitrate levels are highest near the river (Fig. 5d).
This indicates that an additional input of particulate of
terrestrial origin occurs at this time, which spreads more
uniformly throughout the water column. Estrum-Yousef
and Schoor (2001) found higher concentrations of nitrogen
compounds nearer river outflows and wide seasonal
variations in the POC:PN ratio, from 4.87 to 10.76 in
the eastern German coast of the Baltic Sea. Colder surface-
water temperatures and higher nitrate levels in the winter
could also affect phytoplankton nutrient uptake.

A second correlation in peaks of transmissivity, PN,
POC, fChl, and DNA was found in suboxic or even anoxic
waters (Fig. 3b,c). This peak, seen in transmissivity
(Fig. 5a,c) and fChl, is at roughly the same depth
everywhere in winter but follows the anoxic interface from
deep to shallow areas in summer. The wintertime fChl peak
near 20 m is especially prominent, but this signal is unlikely
to come from Chl a, as PAR is less than 1% of that at the
surface. fChl peaks have been seen at the transition to
anoxic waters in the Black Sea, which occurs at depths of
~100 m (0.0006% light level) (Coble et al. 1991), and below
the 1% light level in Mono Lake (Humayoun et al. 2003).
The former was identified as being due to the presence of
brown Chlorobium species (a genus of phototropic sulfur-
oxidizing bacteria, or SOB), and the latter was not analyzed
in any detail but coincided with an apparent peak in
chlorophyll (type unspecified) of 85 ug L—1. Active popu-
lations of phototropic SOB have been found in deep waters
in other anoxic basins. Green and purple phototrophic
sulfur bacteria were found at light levels less than 1% in
Lake Vechten, The Netherlands (Steenbergen et al. 1987),
and Chlorobiaceae were identified using oligonucleotide
probes at the chemocline of Lake Kaiike, Japan (Koizumi
et al. 2004). Chlorobium sp. contain bacteriochlorophyll-e
with an absorption peak at 460 nm and a fluorescence
maximum at 738 nm (Overmann and Garcia—Pichel 2001).
Although our fluorometer is designed for detecting Chl a,
the half-maximum bandwidth of excitation is 460480 nm
and that of sensing is 660-730 nm (WETIabs pers. comm.),
so it is plausible that bacteriochlorophyll-e is responsible
for this deeper peak. SOB would be expected at the top of
the anoxic zone, where light levels are highest and where O,
is not present, and this is where the fChl peak appears.
Finally, our PCR analysis detected the presence of SRB
within and just above the anoxic region. SOB and SRB are
often found together in agglomerates (Tonolla et al. 1999).
Thus, it is possible that the presence of SOB might explain
the deep fChl signal. The presence of SRB in the lower
parts of the oxic layer in winter can be explained by their
entrainment as the surface layer mixes downwards, and
their presence in the suboxic layer is a remnant of the
horizontal mixing of anoxic and oxic waters.

Similar to our observations, evidence for microbial
activity was detected at the oxic/anoxic transition zone
(240-450 m deep) in Cariaco Basin (Taylor et al. 2001).
Bacteria, virus-like particles, and protozoa were identified
around a transmissivity minimum at the interface. They
found a significant amount of dark inorganic carbon
uptake that was ascribed to chemoautotrophic bacteria.
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These organisms would be fueled by upward fluxes of
reduced products, such as reduced sulfur species and
ammonium. Thus, their presence might also be expected
in Nitinat Lake, where they may contribute to the
transmissivity and DNA peaks. Finally, bacteria respiring
on Mn(IV) and Fe(IIl) also are likely to be found in the
oxic to anoxic transition zone, since these dissimilatory
metal-reduction processes are dominant between nitrate
and sulfate reduction (Nealson 1997). However, Mn and Fe
species were not quantified in our study.

A surprisingly high concentration of ammonium is
found at 7.5 m at or just below the oxic/suboxic boundary.
Ammonium is usually found only in anoxic or suboxic
zones (Murray et al. 2005) because of organic matter
degradation under oxygen-limited conditions. This occurs
here below 17.5 m, where the ammonium and sulfide
profiles are similar, as seen in other anoxic basins
(Konovalov et al. 2005), but the large peak at 7.5 m
was unexpected. One possible explanation is that
massive organic matter degradation is occurring above
and below the oxic/suboxic interface, but that the oxidation
of ammonium to nitrate (nitrification) by autotrophic
bacteria in suboxic waters may be limited in comparison to
rates in oxic waters. A contribution to ammonium
concentrations at this depth could also be high nocturnal
zooplankton excretions (Priddle et al. 1997) into the early
morning, when this sample was taken. Whatever the cause,
it is possible that the peak is somewhat transitory in nature.
Ammonium concentrations deeper in the suboxic zone are
small, only increasing just before the suboxic/anoxic
interface. It has been suggested previously that anaerobic
ammonium bio-oxidation, with nitrite as the electron
acceptor, occurs in these situations (Kuypers et al. 2003)
and is responsible for the simultaneous disappearance of
nitrate and ammonium. Nitrate levels in this profile were
below the detection limit (62.5 umol L—1!) of the method
used.

Our observations show that saline anoxic Nitinat Lake is
a surprisingly dynamic system, with horizontal transport
and weak mixing being important in determining Nitinat
Lake structure at all levels. Exchange with the ocean is
severely limited by the shallow and narrow sill passage and
is further complicated by the existence of a barotropic
hydraulic control during large ebbs.

Although the deep waters are apparently permanently
anoxic (except perhaps near the scaward end for brief
periods of time after dense inflows), these deep waters are
far from being stagnant, with residence times of only about
5 yr. Temperatures and salinities over the whole fjord
change by easily measureable increments in less than half
a year as partial renewals occur (density remaining more
constant), and spatial variability is also present, but the
volume of individual inflows, limited by sill processes, is
apparently small enough that O, quickly vanishes. The
mid-fjord sill that traps at least some of the inflowing water
in the seaward basin may also help bound a region of
permanent anoxia. The high—spatial resolution capabilities
of the ISUS allow us to easily detect similar spatial
variability for bisulfide; thus, it is likely that phosphate and
ammonium also vary in related patterns.
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In winter physical processes affect mainly the surface
waters, creating an oxygenated and nutrient-rich layer that
abuts the anoxic deep water. Sulfides must be entrained and
oxidized at this interface, and another possible explanation
for reported fjord “overturn” events is that on occasion
some of this sulfide may be mixed upward and vented to
the atmosphere. Ocean water enters Nitinat Lake but tends
to be light enough to remain inside this mixing layer. The
river inflow is likely the major source of nutrients at this
time, both in inorganic and particulate forms.

In summer the physical processes in the upper layer are
less active. Freshwater inflow is minimal so that nitrates are
depleted (probably by primary production) at the inshore
end. The inshore oxic layer thins as its base is forced
upward by inflowing ocean water. These summer inflows
are oxygen saturated and enter at a variety of density levels
into anoxic waters, generally at depths of 540 m. A
suboxic region is created, which can be seen in mid-fjord in
July. The boundaries of this region are somewhat vague
and probably vary with time as they depend more on
horizontal transports and mixing than on vertical fluxes.

The surface waters appear to be quite productive, with
a thin but intense layer of phytoplankton near the surface
in all surveys, even in winter. In addition to the shallow
phytoplankton layer a second zone of extensive biological
activity occurs near the top of the anoxic layer. It is likely
that phototrophic and chemoautotrophic bacteria exist
here, oxidizing the upward-diffusing reduced-sulfur species.
Some of these organisms contain bacteriochlorophyll-e,
and this may explain a peak in fChl, which is especially
visible in winter. In addition, sulfate-reducing bacteria were
detected in and just above anoxic waters.

It should be kept in mind that although the physical and
chemical vertical structures are fairly similar over the whole
fjord in winter (and, thus, this is likely to be true for the
microbial structures as well), in summer there are three
distinct physical/chemical regimes at the seaward, middle,
and inshore parts of Nitinat Lake.
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