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Primary production in the fjords of the Faroe Islands is usually high. Results of
productivity measurements in a typical Faroese fjord (Kaldbaksfjord) in 2006 and
2007 reveal values of about 335g Cm™ ?year ', which is two to three times
higher than reported from neighboring regions, such as Icelandic, west Norwegian
and west Scottish fjords. The causal mechanism is high flushing rate of the eupho-
tic zone and high influx of nutrients, relative to the surface area. On average, the
majority of the production is based on new production. The productive season is
from late March to early April until October. It is controlled by irradiance and
occurs when the critical depth extends below the halocline. The system is highly
dynamic and the plankton productivity is largely influenced by short-term fluctu-
ations in horizontal flow and vertical mixing, influencing vertical as well as tem-
poral variability in /B ratio and jf-ratio. Fast repetition rate fluorescence profiles
revealed that F,/F,, decreases below 0.5 when the light intensity is above

200 wE m™?s™! or when the nitrate + ammonium concentrations were below a

threshold between 0.8 and 2 uM.
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INTRODUCTION

In many estuarine systems, primary production is high
(Mann, 2000). Freshwater runoff causes stratification,
and due to nutrient influx and upwelling, induced by
estuarine circulation, there is a continuous net nutrient
transport upwards, into the euphotic layer. These effects
(upwelling and stratification) create good conditions for
phytoplankton growth.

Temperate estuarine systems furthermore are charac-
terized by short-term fluctuations in hydrographic and
chemical condition within the upper water layer, which
are driven by, for example, wind, freshwater input and
tides. In areas with a relatively shallow pycnocline and
unstable weather conditions, such as in many high-
latitudinal Adantic fjords, the hydrographic properties

affecting primary production are temporally highly vari-
able. Wind strength and direction, precipitation, and tides
may vary substantially within a short time, and affect the
hydrographic conditions (mixing, upwelling, stratification
and depth of the pycnocline). Such fjords can therefore
often be considered as highly dynamic systems.
Periodically, increases and decreases in primary pro-
duction may be triggered by alternating periods of strati-
fication, mixing and changing nitrogen cycling
(Fouilland et al., 2007). This also affects the phytoplank-
ton community structure in temperate estuarine systems,
either directly through alternating periods of mixing and
stratification (e.g. Margalef, 1978; Jones and Gowen,
1990) or indirectly through subsequent variability in
nutrient concentrations and forms of nutrients (e.g. Egge

and Aksnes, 1992; Rousseau et al., 2002).
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Anthropogenic nutrient inputs may, in combination
with natural features, such as nutrient mixing into the
euphotic zone and stratification, ultimately result in
increased phytoplankton growth. However, under cir-
cumstances with excess nutrients, anthropogenic nutrient
load is expected to have a low effect on primary pro-
duction. Conversely, when nutrients in the euphotic zone
are depleted or limiting for phytoplankton growth,
anthropogenic input might increase primary production.

Most fjords in the Faroe Islands are narrow (~1 km)
and deep (30—60 m). Similar to many other estuaries,
they are important nursery areas for a large number of
fish stocks, including the commercially important cod
and saithe (Steingrund et al., 2005) and they are also
extensively used in aquaculture and for other purposes.

Despite the intensive use of the fjords and their eco-
logical importance for a large number of marine organ-
isms, relatively little is known about basic features such
as hydrographic conditions, primary production and
processes in the pelagic environment. Such knowledge
is essential in sustainable use of the fjord systems, as
well as maintaining optimal water quality conditions
and welfare for farmed fish.

In this study, the variable environmental influences
on phytoplankton ecology, dynamics and processes in a
typical Faroese fjord are investigated. The fjord is in
many respects representative for several high-latitudinal
northeastern Atlantic fjord systems. Due to its highly
dynamic nature, high exchange rates and high pro-
ductivity, the study reveals information on environ-
mental effects on plankton dynamics in such fjord
systems in general.

METHOD

Study area

The study was conducted in Kaldbaksfjord, Faroe
Islands, located at 62°03N, 6°50W. The fjord is 6.6 km
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long and 0.5 to 1.7 km wide, with a surface area of
5.41 km” (Fig. 1), and the total volume is about 185 x
10° m®. The maximum depth of the fjord is 60 m and
at the entrance, there is a 40 m deep sill.

The fjord receives seawater from the Faroe Shelf and
from a sound located just outside the fjord entrance. It
furthermore receives fresh water from direct precipi-
tation and through runoff from a ~42 km? catchment
area in the surrounding mountains. Most of the catch-
ment area is uncultivated and uninhabited, and thus
the nutrient runoff from land is low compared with
other nutrient sources. The main anthropogenic nutri-
ent source is from fish farming activity in the fjord
(Mortensen, 1990).

Due to its northerly location, the fjord receives a
wide seasonal range in solar radiation, with day lengths
ranging from 5 h in mid-winter to 20 h in mid-summer.

Sampling
Time series measurements were carried out at station T
(Fig. 1). The bottom depth was 52 m. Samples were col-
lected on 15 occasions, from March 2006 to May 2007,
with higher sampling frequency during summer than
during winter. All measurements were carried by day
(between 10 a.m. and 2 p.m.). On each sampling date,
salinity and temperature profiles were measured, and
samples were collected at 1, 5, 10, 20 and 50 m for
measurements of nutrients, chlorophyll « (Chl ) and
particulate organic carbon (POC). Samples for phyto-
plankton species identification and enumeration were
collected on selected dates at 1, 5, 10 and 20 m depth.
Water for primary productivity measurements ('*C
incubation) was collected at 5 and 20 m depth. Fast rep-
etition rate fluorescence (FRRF) measurements were
carried out in spring and summer 2007.

In addition to the time series, transect measurements
of hydrography, Chl ¢, nutrients and primary pro-
ductivity were carried out on two cruises (29 August

®0

Fig. 1. Kaldbaksfjord and the meteorological station (M), centrally located on the Faroe Islands and location of the sampling stations.
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2006 and 27 August 2007) with R/V Magnus
Heinason (Fig. 1, stations 0—13).

Current profiles were measured from 6 m below the
surface to the bottom at station C (38 m bottom depth)
during the period 22 March—1 June 2006.
Meteorological observations were obtained at a weather
station in Torshavn, located about 5 km south of the fjord
(Fig. 1, station M). The station is operated by the Danish
Meteorological Institute. Altitudinal precipitation records
were made by the local electrical power company.

Hydrography

For the time series, salinity and temperature profiles
were obtained with a Seabird SBE 37-SM MicroCAL
The measuring frequency of the instrument was 5s
intervals per measurement. The instrument was
lowered slowly by hand, obtaining two to three
measurements per meter. The data were averaged to
I m depth intervals by linear interpolation between
measuring points. For the transects, temperature and
salinity profiles were obtained using a Seabird 911plus
CTD. These data were likewise averaged to 1 m depth
intervals. Current velocity and direction were measured
in 2 m bins using a RDI 300 kHz Work Horse bottom
mounted Acoustic Doppler Current Profiler (ADCP).

Nutrients, POC, Chl a and phytoplankton

The nitrate and nitrite (hereafter nitrate) and ammonium
samples were preserved with three droplets of chloroform
per 20 mL of sample. Nitrate was measured on an autoa-
nalyzer according to Grasshoft et al. (Grasshofl et al.,
1999), and ammonium was measured manually accord-
ing to the salicylate-hyperchlorite method of Bower and
Holm-Hansen (Bower and Holm-Hansen, 1980).

Chl @ was measured spectrophotometrically accord-
ing to Parsons e/ al. (Parsons et al., 1984). Two liters of
seawater were filtrated on Whatman GF/F filters, and
the extraction was carried out with 90% acetone. The
Chl a content was calculated using the equation of
Jeffrey and Humphrey (Jeffrey and Humphrey, 1975).

Phytoplankton samples were preserved with Lugol
solution. The algae were identified and counted using
an inverted microscope after settlement overnight in
2 mL sample chambers. The cell sizes were measured
and converted to carbon based on geometrical shapes
and using a volume to carbon conversion factor of 0.13
for armored dinoflagellates and 0.11 for all other phyto-
plankton (Edler, 1979).

For measurements of POC content, 1 L. of seawater
was filtered through precombusted Whatman GF/F
filters. In order to remove inorganic carbon, the filters

were fumed with HCI prior to measurement on a CE
440 Elemental analyser.

Primary production

" incubations

Samples for production—irradiance (P—I) curves at 5
and 20 m depth, respectively, were transferred to 40 mL
plastic bottles, and stored dark and cold until arrival at
the laboratory 2—3 h later. After addition of 1.2 pCi of
H''COj3, the bottles were immediately placed on a
rotating wheel and incubated at @ siu temperature
+ 1°C for 2 h. Philips TLD 15W/33 were used as the
light source, giving 11 light intensities in the bottles,
from 16 to 210 uEm ™ ?s~'. In addition, two dark
bottles from each depth were incubated. After incu-
bation, the content of each bottle was filtered on
Whatman GF/F filters, dried and stored in the dark
untl later analysis. Radioactivity was measured on a
liquid scintillation counter (Packard Tri-Carb 1500)
after addition of scintillation liquid. The dissolved inor-
ganic carbon (DIC) content at 5 and 50 m depth was
measured on an infrared gas analyzer (ADC-225-MK3)
and an average DIC concentration of 25.5 ¢ G m ™~ was
used for calculation of carbon assimilation rates.

The two photosynthesis—irradiance (P—I) curves (5
and 20 m depth) represent light adaptation of the phy-
toplankton from above and below the pycnocline,
respectively. The Chl ¢ normalized primary productivity
at depth z was calculated according to Sakshaug et al.
(Sakshaug et al., 1992):

PR = P (1= el i) (1)

z max

where PB_is the Chl a normalized light saturated
primary productivity, o® the photosynthetic efficiency
and I, the irradiance at depth z. No photoinhibition
was observed at the light intensities that were used in
the incubator (up to 210 pEm™'s™"). Daily primary
production was calculated from the P—I curves, taking
into account the i situ irradiance per hour and the Chl
a content at 1, 5, 10, 20 and 50 m depth with linear
interpolation between the measuring points.

Diel light intensity at depth was calculated from satellite
observations averaged over the years 1996—2000 (www.
satel-light.com), and depth profiles of the attenuation of
photosynthetic active radiation (PAR). The calculated
daily production represents the net production during the
photosynthetic period, ignoring the dark respiration.

Fast repetition rate fluorescence
In situ phytoplankton photosynthetic parameters [equation
(2)] were obtained using an FRRF (Chelsea Instruments,

949

20z Iudy 01 uo isenb Aq LGE1L9vL/L¥6/9/cE/eI0Me /P URId/WOD dNO"dlWapede//:sdy Wo.y papeojumod


www.satel-light.com
www.satel-light.com
www.satel-light.com
www.satel-light.com
www.satel-light.com

JOURNAL OF PLANKTON RESEARCH

Ser. No. 182061). The FRRF was equipped with a
Chelsea Instruments spherical PAR  sensor and a
depth sensor. All profiles were taken facing toward the sun
to avoid shading from the boat. The instrument
was lowered gently to 50 m depth with a speed of
0.1-02ms ', obtaining at least four measurements
per meter.

The instrument was set to an acquisition sequence of
100 saturation flashes, 20 relaxation flashes and 10 ms
sleep time between acquisitions. Primary productivity at
depth was calculated using the equation of Smyth et al.
(Smyth et al., 2004):

F,
Pyrrr), = 1.87 % 1074 <F_) opsi(max)Z;[Chla] . (2)

m

where (F,/F,), 1s the ratio between the variable fluor-
escence (F) and the maximum fluorescence ([7,) at
depth z (in other words, the potential photochemical
efficiency of the open PSII reaction centers at depth z,
dimensionless), opgp(max) is the maximum effective
absorption cross-section of photosystem II measured
when non-photochemical quenching is negligible
(1072 m? photon™ "), I. (WEm™?s™ ") is the irradiance
at depth z and [Chl ¢], is the Chl a concentration
(mg m ™) at depth z.

Water exchange rates

The average water exchange 1is estimated from
Knudsen’s relations (Knudsen, 1900):

Sout
Vln B VrSin - Sout (3)
where 1, 1s the flux of in-flowing seawater, V; the fresh-
water runoff and precipitation (m3 571), and Sy, and S,
are the salinities of the (deep) in-flowing and the
(shallow) out-flowing water, respectively.

Equation (3) is set up for an idealized two-layer
system with an out-flowing surface layer above an
inflowing lower layer. Often, a sharp pycnocline was not
obvious and instead a wide transition depth range
between these two layers was common (Figs 2 and 3).
To estimate the average water exchange, a simplification
was made that the mean salinity in the uppermost 10 m
of the water column represents the out-flowing upper
layer (Sou), and the mean salinity in the inflowing layer
(Sin) 18 assumed to be the average salinity at 35—40 m
depth (Table I).

Precipitation data were derived at 35 m altitude
(Fig. 1, station M) while the highest mountains in the
catchment area exceed 600 m. The average precipitation
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1s significantly higher in mountain areas than at sea level.
By including short time precipitation records at four
different altitudes in the years 20002004, it is found
that the mean freshwater forcing of Kaldbaksfjord is

V= 1.47P, Acarenn (4)

where P, is the precipitation in Torshavn and A, the
precipitation catchment area. In the estimates, the
applied P, is the mean precipitation for a period of 13
days prior to the day of the actual measurement.

RESULTS

Transect overviews

Figure 2 illustrates two examples of environmental vari-
ables along a section through the fjord in summer. Both
examples show typical estuarine circulation, separating
the water column into an upper and a lower layer
(Fig. 2). The nitrate concentrations were related to the
water layers, with higher concentrations in the deeper
layer. Primary production and Chl a content were like-
wise associated with the water layers, combined with
the effect of nutrients and light conditions.

The two examples do, however, illustrate a dynamic
system with spatial and temporal variability driven by
local physical forces. On 28 August 2006 (Fig. 2, left
panels), there was a light outward breeze (5 m s~ ') and
the hydrographic parameters as well as nutrient concen-
trations showed an extensive upwelling in the innermost
part of the fjord. The upwelling increased nutrient
fluxes to the euphotic zone in the innermost part of the
fjord, which resulted in increased primary production
in the region. However, the effect from enhanced
upwelling was only local. The other example (27
August 2007) (Fig. 2, right panels) represents calm
weather with horizontally quite similar physical and
chemical conditions for phytoplankton growth through-
out the fjord. Although the transects show some degree
of variability, the central fjord (station T; Fig. 1) gener-
ally represents the physical, chemical and plankton vari-
ables in the fjord.

Temporal hydrographical variability

The fjord is subject to highly variable weather con-
ditions, with changing winds and precipitation within
short time scales. Strong wind events with daily mean
wind speeds of 15-20 m s~ ' may happen all times of
the year, although they are more frequent in winter.
Seasonally, the precipitation was at its minimum in
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Fig. 2. Length sections of temperature, salinity, nitrate, Chl g, primary production and density (isopycnals in all panels) on 28 August 2006 (left
panels) and 27 August 2007 (right panels). The numbers on the top refer to the sampling stations (Fig. 1).
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Fig. 3. Temperature, salinity and density (isopycnals on both panels)
at station T between 22 March 2006 and 27 August 2007. V-marks
indicate the sampling dates.
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spring and summer 2006 and summer 2007 and
maximum in autumn 2006 and winter 2007. One sig-
nature from the stronger wind mixing in winter, com-
bined with relatively high monthly mean precipitation,
is the enhanced mixing of fresh water into the water
column (Fig. 3).

Vertical salinity depth gradients were observed year
round. In the deeper layer, the salinity ranged between
35.0 and 35.2 in summer and between 34.6 and 35.0 in
winter, while in the upper layer, it was more variable
and usually ranged between 34.5 and 34.9 in summer
and between 33.6 and 34.8 in winter (Fig. 3). Vertical
temperature difference was usually small, and only in
mid-late summer 2006 (June—September) did it exceed
2°C. Variations in density were mainly controlled by
salinity, and only in summer did the temperature con-
tribute slightly to the stratification (Fig. 3). The
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Table I: Seasonal inflow and residence time of seawater in Kaldbaksfjord

<S>

n <V> <Vip> <T>
Season Dates 35-40m 1-10m m3s™! m3s™’ Days
Spring 06 05 May-08 June 4 35.12 35.00 1.51 448.5 4.8
Summer 06 08 June-29 Sept 7 35.15 34.79 1.57 152.0 14.1
Winter 13 Oct.-22 March 5 34.93 33.94 5.22 180.2 11.9
Spring 07 03 Apr.—25 May 6 35.09 34.81 1.89 236.2 9.1
Summer 07 27 Aug. 1 35.05 34.64 2.52 212.8 10.1

nis the number of measurement dates per season, S the mean salinity at station T, averaged for 35-40 and 1-10 m depth, V; the mean seasonal
freshwater runoff, Vi, the estimated inflowing water to the fjord and T; the residence time.

stratification was variable in depth and strength within
short time scales.

Currents

The horizontal current velocity was usually low. At the
location of the current measurements (the northern side
of the fjord), the residual flow was in westward direction
(inwards), with quite similar residual currents at all
depths (Fig. 4). This implies that an eastward (outward)
flow must exist in the southern side of the fjord, and
this indicates effects from Coriolis forces on the water
circulation. The average current speed was 3.5 cm's ™|
and the strongest currents were in the 6—10 m depth
range. Half of the time the speed was <4 cms™ ' and
about 80% of the time, it was <6 cms '. However,
episodes did occur, with stronger currents and 1-2% of
the time they were more than 14 cm s~ ', The variabil-
ity in current velocity was highest in the upper layer.
This most likely is due to wind effects.

The calculated exchange rates [based on salinity
budget, equation (3)] ranged between 152 and
449 m’®s~'. With a total volume of sea water in the
fiord of 185 x 10°m®, this corresponds to residence
times between 5 and 14 days (Table I). The long-term
average exchange rate was 234 m’s™ !, equal to a mean
residence time of about 10 days.

Nutrients

The winter concentrations of nitrate and ammonium
were 11-12 and <0.2 wM, respectively, at all depths
(Fig. 5). At the onset of primary production in spring,
the nitrate concentrations in the upper layer decreased
rapidly and were below 1 pM for a substantial part of
the productive season, while in the deeper layer, most of
the time they ranged between 5 and 8 wM. Events did,
however, occur with increased concentrations in the
upper layer during summer. The ammonium concen-
trations increased markedly in spring, and during
summer they were on average clearly above the winter
concentrations.
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Fig. 4. The relative temporal distribution (in percent) of east
component current velocities and the residual currents (figures) at
station C, 22 March—1 June 2006 for three given depth intervals.
Negative and positive current values represent westward and eastward
direction, respectively.

Primary production and phytoplankton

The seasonal fluctuations in phytoplankton production
and biomass were high, changing from very low levels
in winter, to a highly productive system in spring and
summer. During the productive season, the fjord was
highly dynamic with large variability, temporally as well
as vertically (Fig. 5).

The depth-integrated primary production fluctuated
between 0.7 and 3.4¢ Cm *day ' during the pro-
ductive season (Fig. 6, upper panel). Seasonally, this
high primary production reflected high Chl « values,
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Fig. 5. Primary production, Chl ¢, nitrate and ammonium at station
T between 22 March 2006 and 28 August 2007. V-marks indicate the
sampling dates.

which most of the productive season ranged between
200 and 400 mg m™?. The annual primary production
was about 335 ¢ G m 2, of which about 98% occurred
between April and October.

There was a clear relationship between the Chl a
concentrations and POC. A comparison between POC
and Chl « concentrations at station T showed the
relationship

POC = 40.6 Chla + 234.2 (R* =0.71, n = 45) (5)

This conversion factor of 40.6 is used for calculating the
P/ B ratio, which is defined as the amount of assimilated
carbon per day divided by the phytoplankton carbon
biomass within the same water mass. The P/B ratio is
thus a measure of daily phytoplankton growth per
phytoplankton biomass (mg Cmg C~'day™'). The

4 0.8
5 -~
%Ih 3] R
S 8 £
T T =)
S q 2
n.'Ez ©
go (3]
£ o 11
-:‘\-\-‘

a
0
1.5
*-
T=-10
1
=
@
a
05
0+
Apr Jun Aug Oct Dec Feb Apr Jun Aug
2006 2007

Fig. 6. Depth-integrated daily primary production and Chl «
concentrations (upper panel) and specific primary production in the
upper 10 and 50 m, respectively, at station T between 22 March 2006
and 28 August 2007.

Feb. March April May

Fig. 7. F,/F, (at noon +2h) in the upper 30 m at staton T
between 10 February and 25 May 2007.

temporally high fluctuations in P/B ratios (Fig. 6, lower
panel) combined with the low relationship to total
primary production strongly indicates that the short-
term fluctuations in primary production were due to
variable environmental conditions for phytoplankton
growth rather than being driven by the phytoplankton
standing stocks.

High vertical resolution 1in algal productivity,
obtained by @ situ measurements of active fluorescence
(FRRF) from February to May 2007, showed variable
maximum photochemical efficiency (£,/F,,) with time
and depth (Fig. 7). In winter, when irradiation was low
and nutrient concentrations were high, the photochemi-
cal efficiency was close to maximum (~0.6) at all
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depths. When experiencing stressful conditions, e.g. due
to excess light or nutrient conditions, the efficiency
rapidly decreases (Suggett ef al., 2009 and references
therein). In spring and summer, photochemical efhi-
ciency in the upper 5—10 m was periodically low, and
comparison of F,/F,, profiles to simultancously occur-
ring light intensities and nutrient concentrations showed
a combined dependency of F,/F,, on light and nutri-
ents. At light intensities above 200 pE m ?s”', F/F,
was always below 0.5, regardless of high nutrient con-
centrations. Due to fewer nutrient measurements than
light measurements, the threshold for a nutrient effect
on quenching is more uncertain. F,/F,, was reduced
below 0.5 when the nitrate + ammonium concen-
trations were below a threshold between 0.8 and 2 WM.
Thus, some light-induced quenching indeed may occur
in the upper few meters around noon during summer.

Despite the temporal fluctuations in primary pro-
duction, the short-term variability in phytoplankton
species composition was small. However, between
seasons and years, large changes were observed. In
spring and summer 2006, large-sized diatoms of the
genus Coscinodiscus sp. (diameter ~120 pm) completely
dominated the phytoplankton biomass (Fig. 8).
Although smaller sized diatoms (mainly Leptocylindrus
minimus, Pseudo-mitzschia longissima and P delicatissima) and
various small-sized flagellates occurred in higher
numbers than Coscinodiscus sp., they contributed little to
the phytoplankton biomass compared with the much
larger Coscinodiscus cells. In late summer, the community
changed to dominance by small flagellates.

The spring and early summer season 2007 showed
quite different species composition than the previous
year, with medium- and small-sized algae dominating
the phytoplankton community (Fig. 8). These were
mainly small flagellates, and diatoms belonging to

B Coscinodiscus O Dinoflagellates

B Other diatoms

O Flagellates

100% -

80% -

60%

40% -+

Relative carbon biomass

20%

0% - T T T T T
5 May 19 May 8 June 8 Aug 13 Sep 3 May 25 May

Fig. 8. Relative biomass contribution of phytoplankton groups in the
upper 20 m at station T between 5 May 2006 and 25 May 2007.
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the genera Leptocylindrus, Thalassiosira, Chaetoceros and
Rhuizosolenia.

DISCUSSION

The annual primary production estimate of 335 g C:m™?
1s consistent with a highly productive system. The value
is markedly higher than in other fjords adjacent to
the northern Northeast Atlantic. In Iceland, values
around 120-180 g Cm ?*year ' have been reported
(Thordardottir  1976; Gudmundsson 2002), west of
Scotland, they are around 140¢g C m~? yeaf1 (Rees
et al., 1995) and in Norwegian fjords, typical annual
primary production rates are 110-140 g C m™” year ™'
(Eilertsen and Taasen, 1984; Erga, 1989). The reason
for this high Faroese production is high exchange rate
of sea water and inflow of nutrients from outside the
fjord, relative to the fjord surface area, as discussed
below.

Hydrography

The low salinity difference between the upper and
lower layer causes a strong estuarine-driven circulation
in the fjord. Due to the observed short-term temporary
variable precipitation and salinity content in the upper
layer, equation (3) cannot provide reliable exchange rate
estimates on short time scales. However, on long time
scales (months or more), the salinity balance is expected
to provide fairly good average exchange rate estimates.
Knudsen’s relation assumes that all freshwater is equally
distributed over the surface area. However, Fig. 4 indi-
cates a Coriolis effect in the fjord, forcing the water
toward the right and causing a weak anti-clockwise
horizontal circulation, in addition to the estuarine circu-
lation pattern. A fraction of freshwater from the
southern side of the fjord may, thus, leave along the
southern coast, instead of being equally dispersed over
the surface, causing a potential minor overestimation of
the exchange rates. This may partly be counteracted by
the chosen simplification by excluding the transition
zone between the upper and lower layer in the appli-
cation of the Knudsen relation [Equation (3)], which in
general causes an overestimation of the salinity differ-
ence, and thus an underestimation of the exchange
rates.

Seasonal variability in primary production

Due to the light-dependent effect on the algal photosyn-
thesis/respiration ratio, the spring bloom cannot com-
mence before the critical depth is greater than the
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depth of the upper mixed layer (Sverdrup, 1953).
Nelson and Smith (Nelson and Smith, 1991) presented
a reformulation of Sverdrup’s equation to

21,

D, = m (6)

where D, is the critical depth (m), 2/, the time-
integrated incoming PAR for a 24h period
(Em~?day” ") and K the light attenuation coefficient
(m™"). The length of the productive season is thus con-
trolled by the daily irradiance (i.e. irradiation intensities
and day lengths) combined with depth of the upper
mixed layer.

The water column was stratified at all seasons, with
highest density differences during winter (Fig. 3).
However, due to the northerly location, the seasonal
differences in daily irradiance are large. During winter
(November—February), the critical depth was within the
upper 1—3 m and practically no density difference was
observed above this shallow depth range (Fig. 9, upper
panel). Increased daily irradiance during spring caused
the critical depth to reach below density gradients in
March—April, and at the same time, the apparent
primary production increased. Thus, the productive
season seems to have been controlled by seasonal
changes in critical depth (due to changes in day lengths
and surface irradiation) rather than changes in
stratification.

The depth integrated P/B ratio was in the range of
~0.1-0.3mg Cmg C 'day™' (Fig. 6, lower panel)
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Fig. 9. Upper panel: Critical depth and density difference between
1 m depth and the critical depth at station I, between 22 March 2006
and 28 August 2007. Lower panel: Compensation depth at daylight
(mean at noon =+ 2 h) and 24 h mean.

which implies a long-term mean renewal time of the
phytoplankton standing stock of about 3—6 days. On
average, this is less than the estimated mean renewal
time of seawater (~10 days, Table I). The phytoplank-
ton community within the fjord can therefore, be con-
sidered as mainly locally produced, although algal
advection in periods certainly influences the standing
stock.

Despite the temporal fluctuations in primary pro-
duction, short-term variability in phytoplankton species
composition was small. However, between seasons and
years, large changes were observed. In spring and early
summer 2006, the very large diatom Coscinodiscus sp.
dominated the biomass and in mid-summer 2006, the
phytoplankton community changed to dominance of
small-sized diatoms and flagellates. In 2007, Coscinodiscus
sp. was absent and instead flagellates and small diatoms
dominated. Larger diatoms might, however, have been
abundant during short periods in early spring without
being observed in our measurements.

Several environmental circumstances are needed for
such large Coscinodiscus cells to dominate: Under non-
limiting nutrient conditions, diatoms in general have
faster growth rates than smaller flagellates (c.g
Langdon, 1988). However, at low nutrient concen-
trations, small cells may have a competitive advantage,
due to their larger surface area per cell volume than
large cells (Kiorboe, 1993). Secondly, large cells tend to
sink substantially faster than small cells, unless vertical
water movements support their suspension in the water
column (Mann and Lazier, 2006). During the spring
and early summer 2006, when Coscinodiscus was abun-
dant, the vertical mixing seemingly was especially
strong (Table I, Fig. 5).

After the spring bloom in May, the primary pro-
duction in the surface layer was to a large extent con-
trolled by nutrient limitation. During the productive
season, the mean nitrate concentrations 50—60% of the
time were <1.5 uM in the upper 10 m and <1.0 pM
in the upper 2m of the water column. This nutrient
depleted period is, however, considerably less than in
comparative areas, such as Norwegian fjords (e.g. Erga,
1989; Aure et al., 2007) and Scottish lochs (Rees et al.,
1995). The difference is most likely due to frequently
occurring events with high vertical mixing in this
system, as verified in the time series measurements of
hydrographic conditions. At periods with increased ver-
tical mixing and upwelling, the nutrient concentrations
in the upper layer increase, and shortly after such
events, the conditions for primary production in the
upper layer become very good. However, provided that
strong mixing events do not increase the estuarine circu-
lation substantially, such events are expected to decrease
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the  total  annual

(un-assimilated) nutrients then are exported in the

production,  since  excess

upper layer during the mixing events.

Vertical variability in primary production

The compensation light intensity may vary between
algal species and light adaptation. Marra (Marra, 2004)
suggested it to vary between 1.2 and 3.5 pEm ™ ?s™!
while others have suggested it to be slightly higher at
about 4 pEm ™ ?s~ ! (K. Gudmundsson, pers. comm.).
Assuming an average compensation light intensity of
3wEm s the compensation depth during daylight
was mostly around 20 m (Fig. 9, lower panel). It was
fairly constant most of the year, and only occasionally
(during low Chl a events in summer) did it exceed
25m. The euphotic zone, thus, covered the entire
upper layer (assumed to be 10 m deep) and the upper-
most part of the lower layer, during the productive
season.

Earlier studies have indicated that nitrogen rather
than phosphate is usually the limiting nutrient in
Faroese fjords (unpublished data). Despite frequent
periods with low nitrate concentrations in the upper
layer, 73% (4 12% st. dev.) of the annual production
occurred in the top 10 m (Table II). The fraction fluctu-
ated between 49% and 95% and no seasonal trend
could be observed. However, the production in the
upper 1=3 m may have been slightly overestimated in
summer, since the light intensities used in the incu-
bation experiments did not suggest that potential photo-
inhibition be included in calculations of the primary
production [Equation (1)].

On average, the FRRF technique gave 1.8 (£0.2
SE) times higher production estimates than the '*C
incubation technique. This is slightly higher than the
1.5 factor found by Debes et al. (Debes et al., 2008)
using the same instrument on the Faroe shelf. There
are several potential causes for primary production
estimates by the FRRF technique to be higher than

Table II: Seasonal mean depth integrated
primary production (¢ Cm™ > day™") in the
upper layer (top 10 m) and below 10 m depth
at station T

Total euphotic

Season Dates n 1-10m 11+ m layer
Spring 06 May-June 3 052 0.21 0.73
Summer 06 June-Sept. 6 1.09 0.21 1.30
Winter 06/07  Oct.—Feb. 3 0.10 0.03 0.13
Spring 07 Apr.—May 2 125 0.84 2.09
Annual mean 0.74 0.18 0.92
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those obtained by the '*C technique (Debes et al,
2008). The most important is that the FRRF tech-
nique measures gross clectron transfer rate while the
" technique can be assumed to approximate net
production in incubations of 2—4 h (Jespersen, 1994;
Marra, 2002). Since there are different sources of
potential errors associated with these two different
techniques, it is difficult to compare the two sets of
results (Debes et al., 2008), and the 1.8 factor does
not necessarily provide exact information on the net
versus gross productivity,. However, the FRRF tech-
nique seems to be a reliable approach to obtain high
vertical resolution measurements and their relation to
environmental conditions (e.g. stratification, nutrients
and light) in the field.

High resolution in vertical dynamics in phytoplank-
ton growth conditions is exemplified in Fig. 10. When
stratification is strong and nutrients are depleted in the
upper layer, the phytoplankton biomass and production
peak is located in the transition zone between the two
layers, i.e. close to the nutricline (Fig. 10, left panels).
The subsurface peak apparently was to a large extent

3 May 2007 25 May 2007
pN O 6 12 0 6 12

Density 26.8 272
0

Density
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pB 0 0.5 10 0 0.5 1.0

Chl 0 10 20 0 10 20

100 200 300 0 100 200 300

PP PIB

Chl
20

Chl

Depth (m)
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40
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Fig. 10. Vertical profiles of density, nitrate and ammonium
concentrations (upper panels) and FRRF measured primary
production, Chl ¢ and production/biomass (lower panels) at station T

on 3 May and 25 May 2007.
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fueled by new nutrients during their upward flux.
However, the weight-specific growth rates (P/B ratios)
were substantially higher in the upper layer than further
down. Since the nutrient concentrations were low in the
upper layer, this high productivity per unit biomass was
apparently fueled largely by regenerated nutrients with
high turnover rates.

Following events with increased vertical mixing
(Fig. 3), measurements 3 weeks later showed that the
nutricline had moved upwards and the subsurface peak
in Chl ¢ and primary production was located closer to
the surface as well (Fig. 10, right panels). In this situ-
ation, a higher fraction of the primary production in
the upper layer apparently was fueled by new nutrients,
since the nitrate concentrations in the upper layer were
substantially higher than in the situation 3 weeks earlier.
Thus, due to temporally variable mixing events (largely
induced by wind) the fratio in the upper layer is most
likely highly variable with time, reflecting the tem-
porally variable nutrient concentrations in this layer.

Figure 10 furthermore illustrates that the phytoplank-
ton biomass peak may be located several meters below
the depth of the highest productivity per unit biomass.
The mechanism behind this may be a combined effect
of phytoplankton sinking, increasing seawater density
with depth, and reduced light intensities with depth.
While sinking, the algae reach slightly denser water,
which reduces their sinking speed. In the meantime,
they experience lower light intensities, resulting in lower
specific photosynthetic activity. At, for example, 10 m
depth, the light intensity during daylight was typically
around 30—60 wE m~%s™!, which is close to the half-
saturated light intensities. Thus, while ‘sitting’ on the
pycnocline, they stll are able to obtain some photosyn-
thetic activity under high nutrient concentrations. The
subsurface photosynthetic maximum per volume is thus
a result of high phytoplankton biomass, growing on
upwelling nutrients while algae situated higher in the
water column, on the other hand, experience higher
light intensities and high turnover rates.

Nutrients supporting the primary
production

A prerequisite for the very high primary production is a
correspondingly high nutrient input into the euphotic
zone (the top ~20 m). These nutrients may originate
from below the euphotic zone, through precipitation or
from anthropogenic sources (new production) or they
may be regenerated nutrients, originating from hetero-
trophic recycling of organic matter within the euphotic
zone (regenerated production) (Dugdale and Goering,
1967). Assuming that the primary production estimates

at station T were representative for the fjord, the mean pro-
duction (May—September) was about 1.5 g C m™* day ™'
Using the Redfield ratio, this corresponds to a mean daily
nitrogen demand of 0.27 g N m™? day”~ .

Estimates of nutrient input into the euphotic zone in
the fjord can be made based on calculated flushing
rates (Table I), and nutrient concentrations in the water
entering the euphotic layer from below (Fig. 5) and
adding the nutrient load from precipitation and anthro-
pogenic sources. Long-term averaged flushing rates are
estimated to be in the range of 230 m” s~ ' (Table ),
corresponding to a net upwelling of about 4.5 m day ™',
giving an upwelling of nitrate and ammonium at 20 m
depth (entering the euphotic zone) between May and
September 2006 of 0.38 ¢ N'm ™ day ™~ '. This nitrogen
comprises an inflow through the deep layer in addition
to smaller amounts that are released from the sediment
(& Noro01, unpublished data). In addition, there was an
mput of anthropogenic dissolved inorganic nitrogen
(DIN), directly into the euphotic layer. This is estimated
to be 0.03 g Nm ? day_l, of which the vast majority
was from fish farming (assuming that 36% of the nitro-
gen in feed is excreted from the fish directly into the
cuphotic layer. (Bergheim and Aasgaard, 1996) while
smaller amounts are from precipitation and runoff from
land (Mortensen, 1990). The total mean DIN input to
the cuphotic zone thus was about 0.41 g Nm™* day™ .
The mean nitrogen demand of primary production
during the same period was 0.27 ¢ Nm™” day” ' and
thus the average amount of DIN input was more than
adequate to support the high primary production, even
with uncertainties in exchange rates of seawater taken
into account.

As pointed out earlier, periodically high nutrient con-
centrations occurred in the upper 10 m, and assuming
a net out-flush of these nutrients through the upper
layer of 230 m® s~ the mean loss of un-assimilated dis-
solved inorganic nutrients (mainly nitrate) through
export in this layer can be estimated to about 0.21 g
Nm ?day '. Thus, the average net uptake of new
nutrients in the euphotic zone has been in the range of
0.20 g Nm™*day” " which is in the size range of 70—
75% of the above-mentioned nitrogen demand of
0.27¢ Nm ?day”'. These values seem reasonable,
since other nitrogen processes are involved in primary
production as well. Most important is recycling of nitro-
gen, and in addition an unknown value of microbial
uptake.

In productive areas, the fraction of new production
relative to the total production (the f-ratio) is often around
0.5 and in upwelling systems, such as estuaries, it is
expected to be even higher. In a Scottish sea loch, Rees
et al. (Rees et al, 1995) found, based on incubation
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experiments of N combined with '*C incubations, that
~57% of the annual production was supported by nitrate
uptake. Similar results are found in a number of other
North Atantic temperate fjords (Wassmann, 1990).

There are no direct estimates of new versus regen-
erated primary production in the present study.
However, the estimate presented above implies that
the fraction of potential new production, as defined
as production based on nitrogen imported to the
euphotic zone, on average possibly was in the range
of 70-75% of the total primary production. There
are indeed large uncertainties in such indirect est-
mates, and the value is indicative only. The estimate
is sensitive to the seawater exchange rate estimates,
which is discussed earlier and also short-term varia-
bility in vertical nutrient mixing (Figs 5 and 10).
The exchange estimates should thus be considered as
approximate long-term values.

The high primary production in this system is mainly
a consequence of high flushing rates and of high upwel-
ling, relative to the surface arca. These values are
clearly higher than commonly reported for other tem-
perate Northeast European fjords (e.g. Arneborg, 2004
Gillibrand et al., 2005).

The amount of imported nutrients from outside the
fjord depends on the nutrient concentrations on the
Faroe shelf during spring and summer. These are also
highly variable from one year to another, with nitrate
concentration  during summer (May—September)
ranging between 2.2 and 10.2 uM (Hansen et al., 2005;
Gaard et al, 2006; Debes et al., 2008). In 2006, the
nutrient concentrations were above average and in
2007, they were close to the long-term average. Thus,
the potential for annual new production in such fjords
is also variable, depending on the available nutrient
concentrations in the shelf water.
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